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1.  Origins of oligodendroglia 

The term “glial cells” is often historically associated to Santiago Ramòn y Cajal 

(Nobel Prize in 1906), as he is considered the first able to stain neuroglia (y Cajal 

1913). At that time, however, he was still not capable of staining a third group of 

cells, called by himself “third element” that, apparently, did not possess any 

processes.  

However, Pío del Río-Hortega, modifying the original Golgi staining used by Cajal, 

has been the first scientist able to visualize the so-called “third element”, 

composed by microglial cells, actually the true third element, and 

oligodendroglial cells, later included as “second element” together with 

astrocytes. He have rendered the first precise description of oligodendrocytes 

(OLs) in 1917 (Figure I; del Rio Hortega 1917). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure I. Drawings of the cerebral cortex (left) and white matter (right) after staining with 

the Golgi-Hortega method. There are visualized oligodendrocytes (O), pyramidal 

neurons (PN) and protoplasmic astrocytes (PA). Adapted from (del Rio Hortega, 1917). 



 

 

7 

 

As reported in the figure above, oligodendrocytes were subdivided into four 

groups (recognizing the absence of clear boundaries among them), depending 

on their soma size and morphology, their processes, their location in the brain and 

their interaction with axons. 

Thanks to these findings, the term “oligodendroglia” (from the Greek, ὀλίγος, “a 

few” – δένδρον, “tree”, i.e. processes – γλία, “glue”, so was called the non-

neuronal part of the Nervous System) is now generally referred to cells that, 

through a highly regulated differentiation program starting from Oligodendrocyte 

Progenitor Cells (OPCs), are able to generate myelin, an extended membrane 

from the cell that wraps around axons, in the Central Nervous System (CNS).  

For almost a century, oligodendroglial cells have not been studied, or, at least, as 

much as neurons. However, in the last decades the interest among these cells has 

had a renaissance, especially with the increasing attention to demyelinating 

diseases. Despite this, in general, OLs still need to be investigated in many aspects 

of their biology, mainly in terms of heterogeneity, molecular pathways and 

pathological conditions.  

 

1.1.  Oligodendrocyte Progenitor Cells  

OLs differentiate from OPCs, their progenitor or precursors, which represent one 

of the most peculiar cell populations in the CNS. OPCs are commonly identified 

with NG2 and/or PDGFRa labelling. They arise from several parts of the ventricular 

germinal zone of the embryonic neural tube, and are characterized by the ability 

to proliferate and migrate, populating the entire gray and white matter of CNS 
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before differentiating into myelin-forming OLs. Unlike most progenitors, OPCs 

persist in the adult CNS and represent a reservoir for newly generated OLs. 

Their first discovery goes back to 1983 (Martin C. Raff, Miller, and Noble 1983) and, 

since then, it has been recognized their importance, as understanding OPCs 

biology might be the key to control myelin production and regeneration in age-

related disorders and pathologies. 

 

1.2. OPC migration and proliferation 

OPCs generate from Neural Stem Cells (NSCs), located in the neuroepithelial 

zones surrounding the ventricles, under the influence of transcription factors such 

as Olig1, Olig2, Nkx2.2, and Sox10 (B. Emery 2010). After being generated, they 

migrate and colonize the entire CNS thanks to growth-cone like structures that 

sense numerous chemotactic cues (Introduction 2.1.2; Simpson and Armstrong 

1999; Michalski and Kothary 2015; Thomason et al. 2020). 

 

1.2.1. Signaling molecules and local cues driving migration 

OPC migration is driven by multiple signaling molecules, such as bone 

morphogenic proteins (BMPs) and Sonic hedgehog (Shh). In particular: 1) BMPs 

are secreted by dorsal regions and have a repellent influence on OPCs, that are 

so guided to ventral regions of the brain (Choe, Huynh, and Pleasure 2014); 2) Shh 

has been demonstrated to act as a chemoattractant for OPCs migration in the 

optic nerve and, moreover, as an inductor of their proliferation; its influence in 

cultures of optic nerve explant from E16.5 is blocked by treatment with its specific 

antibody (Merchán et al. 2007). 
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Also, different types of local cues influence OPC migration. Among them we can 

find:  

1) Growth Factors, such as platelet-derived growth factor (PDGF) (in PDGFRa 

KO mice OPC dispersion is reduced; Fruttiger et al. 1999; Rajasekharan 

2008), vascular endothelial growth factor (VEGF) (Hayakawa et al. 2011), 

fibroblast growth factor (FGF) (Bribián et al. 2006) and hepatocyte growth 

factor (HGF) (Yan and Rivkees 2002);  

2) Extracellular Matrix (ECM) proteins, such as Laminin, Fibronectin, 

Vitronectin, Anosmin-1, and Tenascin-C (Bribián et al. 2008; Garcion, 

Faissner, and ffrench-Constant 2001; Milner et al. 1996; Murcia-Belmonte et 

al. 2016);  

3) Neurons and axon guidance molecules; various factors associated with 

axon guidance guide migrating OPCs by attraction (e.g Semaphorins) or 

repulsion (e.g. Netrin-1) (Okada et al. 2007; Spassky et al. 2002; H. Zhang et 

al. 2004); neurons are associated to the promotion of OPC motility and 

migration also via their glutamatergic activity: either by acting on AMPA 

(a-amino-3-hydroxy-5-methylisoxazole-4-propionate) receptors enabling 

the formation of AMPA/integrin/proteolipid complex, or via NMDA (N-

methyl-D-aspartate) receptors stimulating the expression of the polysialic 

acid-neural cell adhesion molecule and by activating the Tiam1/Rac1/ERK 

signaling pathway (Mangin et al. 2012; Xiao et al. 2013; Yuan et al. 1998); 

4) Finally, OPCs migration has been demonstrated to be influenced by 

vascularization and vice versa (Tsai et al. 2016) via Wnt pathway; in fact, 

interestingly, OPCs can promote angiogenesis by monitoring oxygen 
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tension through hypoxia- inducible factor (HIF) signaling and by secreting 

Wnt7a/b in response to low oxygen levels. 

 

1.2.2. Regulation of OPC proliferation during development 

OPC proliferation is finely tuned by interrelated mechanisms. One first mechanism 

appears to operate through the mitogen PDGF that, however, seems not 

sufficient to entirely regulate OPC proliferation. PDGF signaling cooperates with 

other two mechanisms: an intrinsic timing mechanism through the inhibitor 

p27Kip1 and the OPC-to-OPC contact-mediated inhibition of cell proliferation 

mechanism, through Netrin-1 (NT-1) and its receptor Deleted in Colorectal 

Cancer (DCC).  

 

OPCs, as they appear in the Ventricular Zone (VZ), are characterized by the 

prominent expression PDGF receptors (α-subunit, PDGFRa, in particular), with 

which they survive and proliferate in response to PDGF-AA, secreted from 

neighboring cells (i.e. neurons and astrocytes) (Noble et al. 1988; Martin C. Raff 

et al. 1988; Richardson et al. 1988; Hart et al. 1989; Pringle et al. 1992).  

The PDGF family is composed by four subunits, PDGF -A, -B, -C, and -D, encoded 

by separate genes. PDGF is active as a dimer with the structure AA, BB, AB, CC, 

or DD. PDGFRa can bind to and be activated by all of these except PDGF-DD 

(Reigstad, Varhaug, and Lillehaug 2005). The relative contribution and function of 

the subunits is still controversial. However, it is known that, in PDGF-A null mice, the 

most severely affected areas are optic nerve and spinal cord, in which OPC 

numbers are reduced >99% and 88% at birth, while the cerebral cortex is the less 
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affected, with an 80% of OPC reduction (M. Fruttiger et al. 1999). In this context, 

other PDGF subunits might be responsible for the residual mitogenic activity in 

regions less affected by loss of PDGF-A, as for example PDGF-C, which is 

expressed in the developing cerebral cortex (Hamada et al. 2002), although its 

role in OPC development has not been tested yet.  

For its mitogenic activities, PDGF requires ECM molecules and their receptors, the 

integrins; relevant ECM components include the NG2 proteoglycan (Nishiyama 

et al. 1996) and Tenascin-C (Garcion, Faissner, and ffrench-Constant 2001), and 

the key integrin combination appears to be αvβ3 which, once phosphorylated, 

becomes mitogenically active and exerts its function via phosphatidylinositol 3-

kinase (PI3K)- and a protein kinase C (PKC)-dependent signaling pathway (Baron, 

Shattil, and ffrench-Constant 2002; Baron, Colognato, and ffrench-Constant 

2005). 

PDGF acts on OPC proliferation also in a synergistic cooperation with FGF, at least 

in vitro. When cultured in defined medium containing PDGF -AA, OPCs divide and 

differentiate into OLs on a similar pattern as in vivo (Martin C. Raff et al. 1988; D. 

G. Tang, Tokumoto, and Raff 2000) while, when cultured in PDGF-AA and FGF, 

they continue to divide without differentiating for an extended period (Bögler et 

al. 1990; McKinnon et al. 1990). Of note, FGF alone is only a little involved in 

controlling OPC proliferation in vivo (Furusho et al. 2011). 

In vitro OPCs proliferate when cultured in medium containing PDGF and, if the 

medium lacks Thyroid Hormone (TH, one of the factors that trigger differentiation), 

they proliferate for many generations without differentiating (B.A. Barres, Lazar, 

and Raff 1994). Instead, when cultured in medium containing both PDGF and TH, 
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cell division and differentiation occur recapitulating OL lineage development in 

vivo (D. G. Tang, Tokumoto, and Raff 2000), and younger the tissue from which 

OPCs are isolated, the more divisions they undergo before differentiating. These 

findings give rise to the idea that OPCs have an intracellular timer that apparently 

requires PDGF (B.A. Barres, Lazar, and Raff 1994) and that, however, seems 

controlled and modified by signals of neighboring cells. In fact: 

1) differently than in vitro, OPCs do not proliferate/differentiate synchronously 

in vivo (Zerlin, Milosevic, and Goldman 2004; S. H. Kang et al. 2010; Zhu et 

al. 2011);  

2) the overexpression of PDGF-A under the control of an astrocyte/neuron-

specific promoter leads to an increase in density of OPCs (Calver et al. 

1998; Marcus Fruttiger, Calver, and Richardson 2000; Van Heyningen, 

Calver, and Richardson 2001);  

3) cell-division rate of OPCs, at steady state, is the same in different transgenic 

lines with different levels of PDGF-A expression (Calver et al. 1998; Van 

Heyningen, Calver, and Richardson 2001). 

So, the population density of OPCs seems determined by the balance between 

the rate of provision of PDGF and the rate of consumption by OPCs themselves, 

in a model of “supply and demand” (Bergles and Richardson 2016). OPCs 

expands until the rate of removing PDGF matches the rate of supply and, at this 

time, any further expansion, and of consequence consumption of PDGF, 

somehow perturb the system and cause differentiation of a number of OPCs, that 

diminishes PDGFRa levels.  
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If this model explains why the cell cycle slows down as the number of OPCs 

increases during embryonic development, it does not explain what causes OPC 

proliferation to continue slowing during postnatal life, while the OPC number 

remains constant (Rivers et al. 2008; Young et al. 2013).  

It could possibly be explained by the idea of a cell-intrinsic timer that controls cell-

cycle transition probabilities. This is the case of p27Kip1, an important inhibitor of 

the activity of a cyclin-cyclin-dependent kinase (E-CDK2) that usually promote 

the G1/S transition (Caillava and Baron-Van Evercooren 2012). Indeed, it is 

demonstrated that p27Kip1 overexpression in OPCs in vitro arrests the cell cycle 

by inhibiting CDK2 activity (X. M. Tang, Strocchi, and Cambi 1998) and, on the 

other hand, that cells purified from p27Kip1 KO mice proliferate longer than wild-

type (P. Casaccia-Bonnefil et al. 1999; Jablonska et al. 2012). In presence of PDGF, 

proliferating OPCs exhibit a gradual increase in p27Kip1 expression (Béatrice 

Durand, Gao, and Raff 1997), which is even higher in PDGF-lacking conditions.  

This increase in p27Kip1 expression correlates with exit from the cell cycle (Béatrice 

Durand et al. 1998; X. M. Tang, Strocchi, and Cambi 1998; Patrizia Casaccia-

Bonnefil et al. 1997; Tamaki and Tokumoto 2014).  

In addition to the rate at which p27Kip1 expression levels increase, also changes 

in cyclin levels can contribute to regulate OPC proliferation. Both elements can 

be modulated by the presence of extrinsic cues, positively (e.g. mitogenic signals) 

or negatively. Regarding the negative regulation of cell cycle timing, the regular 

non-overlapping distribution of OPCs in postnatal and adult CNS parenchyma is 

suggestive of a density-dependent inhibition. For instance, the grid-like disposition 
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of OPCs in the brain is due to cell-to-cell contact inhibition processes (Figure II; 

Hughes et al. 2013).  

 

As this grid is constantly reorganized, mechanisms must exist to actively limit the 

growth of these progenitors. NT-1/DCC signaling pathway seems to be the most 

probable candidate for this purpose as, for example, blocking NT-1 hinders the 

proper distribution and density of repopulating NG2+ OPCs after their ablation by 

regulating their proliferative status and morphological development (Birey and 

Aguirre 2015).  

 

1.3. OPC heterogeneity 

While neurons are enormously diversified in morphology, neurochemical profile, 

function and susceptibility to injury, diversity is instead much less established for 

neuroglial cells. Especially for OLs, cell diversity is still a major topic of an open 

debate (Richardson, Kessaris, and Pringle 2006; Foerster, Hill, and Franklin 2019).  

  

Figure II. Maximum-intensity projection of an individual NG2+ cell during time-lapse imaging (1 

hour). Black: stable regions; magenta: dynamic regions (left). Time-lapse imaging of two pseudo-

colored NG2+ cell processes: retraction of filopodia subsequent to contact. Adapted from 

(Hughes et al., 2013). 

Martina Lorenzati

Martina Lorenzati
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1.3.1. Developmental heterogeneity 

OPCs generate from NSCs in the neuroepithelial zones surrounding the ventricles. 

The origin and dispersion of OPCs have been extensively studied in the rodent 

CNS, particularly in the forebrain, the cerebellum and the spinal cord.  

Their origin is temporally and spatially diverse. In fact, OPCs are generated in 

multiple waves, starting with a ventral wave, which shifts toward a more dorsal 

origin during the second wave (Kessaris et al. 2006). 

Kessaris and colleagues demonstrate these distinct developmental origins using 

different Cre-lines (Figure III) under the control of: 

1) Nkx2.1, a homeodomain transcription factor expressed in the medial 

ganglionic eminence, septum, anterior entopeduncular area, preoptic 

area and other more posterior ventral forebrain regions; 

2) Gsh2, strongly expressed in lateral and caudal ganglionic eminences but 

partially also in the medial one; 

3) Emx1, strongly expressed in cortical precursors.  
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In particular, they distinguish one ventral wave at embryonic day E12.5 from 

Nkx2.1+ progenitors (Figure III, red), one more dorsal at E15.5 from Gsh2+ 

progenitors (Figure III, blue) and, finally, a third wave around birth (P0) arising from 

the dorsal Subventricular Zone from Emx1+ progenitors (Figure III, green). Nkx2.1 

and Gsh2 progenitors colonize the entire brain at first and, around birth, they are 

progressively replaced by Emx1 progenitors in dorsal cortex and corpus callosum, 

becoming the dominant population at these sites (Kessaris et al. 2006; Tsoa et al. 

2014; Naruse et al. 2017; Winkler et al. 2018; Takebayashi and Ikenaka 2015). 

  

Figure III.  OPCs arise from spatially and temporally distinct sequential waves in CNS 

(top). Localized expression in transgenic Cre-lines under the control of Nkx2.1, Gsh2, 

Emx1 is shown. Adapted from (Kessaris et al., 2006). 

Martina Lorenzati
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Moreover, whereas the generation and specification of ventrally derived OPCs 

depend on Shh signaling, generation of dorsal OPCs has been shown to be 

independent of Shh (Cai et al. 2005; Chandran et al. 2003; Nery, Wichterle, and 

Fishell 2001). 

 

1.3.2. OPCs with distinct origins appear transcriptionally and functionally 

equivalent 

Despite their origins differ both spatially and temporally, OPCs seem to converge 

into a transcriptionally homogeneous pool during postnatal stages, as thoroughly 

illustrated by (Marques et al. 2018) with single cell RNA sequencing analyses.   

Moreover, ventrally and dorsally derived OPCs in the spinal cord show similar 

electrophysiological properties (R. B. Tripathi et al. 2011; Marques et al. 2018). 

Tripathi and colleagues, for instance, using a dual reporter strategy in order to 

track Gsh2-derived ventral and Emx1-derived dorsal OPCs in the CNS, were able 

to measure that v/dOPCs have a similar membrane capacitance, similar 

membrane resistance, myelinate the same number of axons and also react 

similarly to the neurotransmitter agonists kainate, NMDA, and GABA. 

Further, their functional equivalence it is clearly demonstrated in (Kessaris et al. 

2006), when genetic ablation of selected Nkx2.1/Gsh2/Emx1+ populations in mice 

does not lead to any neurological problems, as the preserved population is 

always able to compensate for the lack of the deleted one. Of note, only a slight 

transient delay in OPCs accumulation was noticed, fully recovered within P10.  
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1.3.3. Dorsally and ventrally derived OPCs show different responses to aging and 

injury 

If on the one hand OPCs deriving from different regions of the brain at different 

developmental times behave as a functionally equivalent population in normal 

physiological conditions, scattered data suggest that developmental 

heterogeneity may influence OPC behavior during aging and their 

susceptibility/response to injury.  

For instance, in adult mice dorsally derived OPCs show a more efficient response 

to lysolecithin-induced demyelination (Crawford et al. 2016). Remyelination in this 

case is totally dominated by dOPCs, showing a high proliferation rate and a high 

differentiation rate, in order to restore the pre-lesion numbers of dOL lineage. On 

the other hand, despite vOPCs show also a high proliferation rate, very few of 

these seem to differentiate, presumably persisting as vOPCs in the longer term. 

However, dOPCs seem more susceptible to aging than vOPCs, as they are less 

efficiently recruited into the lesion and show less proliferative and differentiative 

ability than vOPCs (Crawford et al. 2016).  

Moreover, after perinatal hypoxia-ischemia, the regenerative response of striatal 

OPCs is more robust than that of cortical cells (Dizon, Szele, and Kessler 2010) and 

vanadium-induced developmental toxicity preferentially affects dorsal OPCs and 

causes their depletion (Todorich et al. 2011; Soazo and Garcia 2007).  

A recent report (Starikov and Kottmann 2020) further describes functional diversity 

between dorsal and ventral OPCs in the spinal cord. Starikov and colleagues, 

taking advantage of the selective ablation of Shh from ventral ventricular zone in 

Olig2-Cre expressing embryos, provide evidence for the ectopic expansion of 



 

 

19 

dOPCs after vOPCs ablation.  These expanded dOPCs display a distinct 

morphology and are unable to participate in synaptic remodeling of 

motorneurons (MNs) in response to MN injury (i.e. do not enwrap injured MNs) as 

vOPCs do in non-ablated mice. Notably, in control non-ablated mice OPCs in the 

ventral spinal cord usually enwrap injured MNs in order to remove vGlut1 boutons, 

thus efficiently participating to their synaptic pruning. The distinct and aberrant 

morphology of non-ablated population of dOPCs is reminiscent of OPCs in 

proximity of degenerating MNs in the SOD1 model of Amyotrophic Lateral 

Sclerosis (ALS), suggesting that compensatory proliferation of dOPCs in response 

to the degeneration of vOPCs in ALS might result in aberrant morphology and 

failure to functionally compensate for diminishing numbers of vOPCs. 

For these reasons, OPC developmental diversity may contribute to different 

regional manifestations of de-/dis-myelinating diseases.  

  



 

 

20 

2. Oligodendrocyte specification and morphological differentiation 

As we described in Introduction 1, OLs originate from migratory and mitotic 

embryonic precursors which progressively mature into postmitotic myelin-

producing cells. The progression along the oligodendroglial lineage occurs 

through the sequential expression of developmental markers, that progressively 

determine their proliferative capacities, migratory abilities and changes in 

morphology. 

 

2.1. OL differentiation process 

OL maturation is generally identified by four different steps: 1) oligodendrocyte 

precursor cells (already mentioned as OPCs), 2) pre-oligodendrocytes (or late 

OPCs), 3) immature (or pre-myelinating) OLs and 4) mature (or myelinating) OLs 

(Figure IV). 

 

 

 

 

 

 

 

 

 

In particular: 

 

Figure IV. Steps of oligodendroglial maturation: OPC, Pre-oligodendrocyte, immature and mature 

oligodendrocyte. Most important markers defining this step are shown. Adapted from (Barateio et 

al., 2014). 

Martina Lorenzati
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1) OPCs are highly proliferative, poorly branched (mostly bipolar) cells with a 

high migratory capacity; they are characterized by, along with ganglioside 

A2B5, the high expression of Platelet-Derived Growth Factor Receptor α 

(PDGFRα) and Neural-Glia Antigen 2 (NG2) (Nishiyama et al. 1996; Pringle 

et al. 1992; Somkuwar et al. 2014); NG2+ progenitors show slightly different 

morphologies depending on their location in the brain and they are usually 

characterized by a small polygonal soma and a multipolar tree of fine 

processes (see Introduction 1); 

2) Pre-oligodendrocytes extend, acquiring complexity, multipolar short 

processes and, while expression of PDGFRa starts to decrease, they start to 

express other markers, such as O4 and the GPR17 (Boda et al. 2011);  

3) Immature OLs state is characterized, then, by the loss of expression of NG2 

and A2B5, peculiar of more immature stages, with the resulting most 

prominent expression of O4, GPR17, the beginning of the expression of 

galactocerebroside C (W. P. Yu et al. 1994), an early marker that remains 

also present on the surface of mature OLs in vitro (Pfeiffer, Warrington, and 

Bansal 1993) and in vivo (Zalc et al. 1981), and the acquisition of long highly 

ramified branches; 

4) Mature OLs, finally, are able to extend their membranes that acquire a 

lamelliform morphology (in vitro) enwrapping sheaths around the axons (in 

vivo); they express, in an orderly manner, 2′,3′-cyclic nucleotide 3′-

phosphodiesterase (CNPase), an enzyme present in the cytoplasm of non-

compacted oligodendroglial ensheathment (Trapp et al. 1988; Raasakka 

and Kursula 2014), and myelin proteins like Myelin Basic Protein (MBP), 



 

 

22 

Proteolipid Protein (PLP) and Myelin Oligodendrocyte Glicoprotein (MOG) 

(Reynolds and Wilkin 1988; Scolding et al. 1989; S. C. Zhang 2001; Gould et 

al. 2008). 

 

2.1.1. OL regulation of differentiation 

As described, oligodendrocyte specification is a multiple step process in which 

many factors participate. These steps must be highly regulated in time and space, 

involving genes that promote differentiation, and repression of genes that 

prevent differentiation (Zuchero and Barres 2013). Chromatin remodeling is one 

of the processes that regulates OL development and, in particular, in two ways: 

1) through covalent modifications of histones (i.e. acetylation to activate or 

deacetylation to silence genes) and 2) through the control of the nucleosomes 

and thus the chromatin accessibility (He and Lu 2013; Jacob, Lebrun-Julien, and 

Suter 2011). On the one hand, factors like Shh and BMP4 control deacetylation 

activity, the first by inducing it, the latter by inhibiting (M. Wu et al. 2012). On the 

other hand, transcription factors like Olig2 act directly to promote chromatin 

remodeling (Y. Yu et al. 2013).  

Moreover, in the last decade also micro-RNAs and long-non-coding RNA are 

acquiring importance in participating in the regulation of OL development and 

myelination (J. T. Lee 2012; Hansen et al. 2013; A. Tripathi et al. 2019), connecting 

these small molecules to the regulation of the nuclear lamins (in these cases of 

Lamin B1; Lin and Fu 2009; Yattah et al. 2020). As known physical regulator of 

chromatin conformation, the expression level of Lamin B1 (LMNB1) is crucial in 

determining the progress of OL maturation and myelin formation. While in other 
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types of cells a downregulation of LMNB1 leads to cell senescence (Shimi et al. 

2011; Lukášová, Kovařík, and Kozubek 2018), in OLs LMNB1 levels decline as 

progenitors differentiate in physiological conditions. The importance of the 

downregulation of LMNB1 levels during the process of OPCs differentiation into 

OLs is further highlighted by the discovery that decreased levels of a specific 

miRNA (i.e. miR-23) regulating the levels of LMNB1 precludes OPC differentiation 

(S. T. Lin and Fu 2009).  

 

2.1.2. OL morphological differentiation over development 

OPC differentiation is characterized by an increase in morphological complexity 

(branching of the cell) followed by expansion of uncompacted myelin 

membrane. In order to sustain these morphological changes from bipolar to 

myelin-producing cells, OLs need a highly dynamic cytoskeleton. In fact, recent 

transcriptomic analyses of developing OLs reveal that one of the most heavily 

regulated group of genes, aside from myelin-related ones, during OPC 

development is the one related to cytoskeleton and its remodeling (Azevedo et 

al. 2018; Michalski and Kothary 2015). 

OLs contain two major cytoskeletal components, identified as microtubules and 

microfilaments/F-actin (Richter-Landsberg 2008; Pfeiffer, Warrington, and Bansal 

1993; B. Y. Lee and Hur 2020), that form adaptive structures giving rise to an 

underlying architecture able to rapidly grow (Figure V). In the immature OL F-actin 

is highly concentrated. Its assembly mediates the initial protrusion of the motile 

leading edge, that is similar to that of a neuronal growth cone, while its 
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disassembly leads to myelin sheet formation in the mature OL (Rumsby et al. 2003; 

Fox et al. 2006).  

 

The shift from process outgrowth to membrane production is characterized by a 

progressively sparse cytoskeleton. While in the immature OL F-actin localizes to 

the growth cone, following myelin compaction (at least in vitro) F-actin is 

restricted to the cell’s periphery, in uncompacted membrane regions. 

Microtubules are longer lasting in their structural conformation. They characterize 

the more stable processes and, as the OL mature, display higher levels of 

acetylated a-tubulin, indicative of long-term stability either of microtubules 

themselves or of processes (Lunn, Baas, and Duncan 1997; Song et al. 2001; J. Lee 

et al. 2005). 

As cytoskeletal assembly/disassembly is a highly dynamic process, it is governed 

and controlled by several proteins, often characterized by opposite functions. 

Regarding F-actin assembly/remodeling/disassembly, many associated proteins 

participates, such as Arp2/3 complex, N-WASP, WAVE1, that positively regulate 

OL morphogenesis (Ridley 2011), and RhoA-ROCK-myosin II pathway, whose 

  

Figure V. Immunofluorescent representation of cytoskeleton and growth-like cone in the OL. F-actin in red 

and α-tubulin in green. Scale bar: 50 μm. Adapted from (Michalski and Kothary 2015). 
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inhibition allows OLs to extend processes and eventually form membranes (H. 

Wang et al. 2012). Microtubule associating and/or binding proteins are also 

present in the OL lineage (Bauer, Richter-Landsberg, and ffrench-Constant 2009). 

Among the others, one of the more intriguing is SCG10, of the family of the 

Stathmins, whose accumulation seems required for OLs to acquire a highly 

branched morphology (P. L. Zhang et al. 2006). If SCG10 is widely associated with 

neurons as a microtubule destabilizer (whose phosphorylation and activity has 

been demonstrated driven by c-Jun N-terminal Kinase 1 – JNK1; Tararuk et al. 

2006), little is known of its function and the pathway in which it is involved in OLs. 

 

2.2. Myelination 

Myelination comprises sequential steps, such as: 1) migration of OPCs to axons 

that require myelination; 2) adhesion of the OL processes to axons; 3) wrapping 

of the OL process around the axon, according to a predetermined number of OLs 

per axon and the recognition of the axon traits not to be myelinated (nodes of 

Ranvier); 4) increase in the number of membrane wrappings, extrusion of most of 

the cytoplasm, and compaction, driven in large part by MBP (Baumann and 

Pham-Dinh 2001; Osso and Chan 2017). 

Myelination is considered the final step of OL differentiation and requires the 

formation of a cell membrane with a fixed composition and specific lipid-protein 

interactions, in order to allow the formation of the classical myelin architecture of 

alternating concentric dark electron-dense and light layers (SJOSTRAND 1949; 

Sjöstrand 1953) ensheathing an axon (Figure VI). The major dense line (dark layer) 

forms because the internal surfaces of the myelinating processes of the OL are 
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brought into close apposition. In contrast, the two fused external faces of the OL 

plasma membrane form the double intraperiodic lines (or minor dense lines). 

Among these periodic layers, the innermost layer consists of an uncompacted 

inner tongue, and the outermost a similar uncompacted outer tongue (Stassart 

et al. 2018). 

 

 

 

 

 

 

 

 

 

 

These tightly packed membranes provide electrical insulation around the axons 

thanks to the unique composition of myelin that, in contrast to most cellular 

plasma membranes, is a lipid-rich membrane (lipids constitute 70% of the dry 

myelin weight) that is highly enriched in glycosphingolipids and cholesterol (Nave 

2010) and is relatively devoid of cytoskeleton (Aggarwal et al. 2011; Snaidero et 

al. 2014). 

Myelin sheaths are not uniformly distributed along the axon, but there are axonal 

portions myelin-uncovered, essentials for the so-called “saltatory conduction” of 

action potential. The unmyelinated space forms the nodes of Ranvier (or simply 

  

Figure VI. In the CNS (here in the optic nerve), myelinated axons are densely packed within white matter 

and the myelin sheaths of neighboring fibers often directly touch (left). At high magnification (center) 

axonal cytoskeletal elements are visible (microtubules are indicated by arrows and neurofilaments by 

arrowheads). Inner tongue (IT) and outer tongue (OT) are visible. Adapted from (Stassart et al., 2018). 



 

 

27 

called “nodes”), which are generally subdivided into three parts: one central 

part, the real node, characterized by the presence of high concentrations of 

voltage-gated sodium ion channels, responsible of the propagation of action 

potential; two directly adjacent regions, termed the paranodes, usually visualized 

with Contactin Associated Protein 1 (CASPR), which provide scaffolding of 

molecules within the axon; two regions opposite to the node and adjacent to 

paranodes, termed juxtaparanode, characterized by a high concentration of 

voltage-gated potassium ion channels, that facilitate the return of the membrane 

voltage to baseline (Grider, Belcea, and Sharma 2019; J. Q. Davis, Lambert, and 

Bennett 1996; Rasband and Peles 2016). 

 

2.2.1. Axon-OL crosstalk is essential for myelination 

As final step of OL differentiation, myelination is the culmination of a succession 

of events, beginning with the selection of the target axons and terminating with 

the massive synthesis and assembly of myelin constituents. Myelination occurs 

caudo-rostrally in the brain and rostro-caudally in the spinal cord, and the 

sequence of myelination is strictly reproducible for a given species (Baumann and 

Pham-Dinh 2001). This process occurs relatively late in development in a defined 

temporal sequence: in mice it starts at birth in the spinal cord and is almost 

completed at postnatal day 60 (P60) in most brain regions (Baumann and Pham-

Dinh 2001), while in humans the peak of myelination occurs during the first year of 

life, but continues into young adulthood, especially in some cortical areas of the 

brain (Fields 2008). 
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Technical advances in the application of high-pressure freezing electron 

microscopy to biological tissues now allow an enhanced preservation of tissue 

and cell architecture, including the cytoplasmic spaces within myelin (Möbius et 

al. 2010; Weil et al. 2016). It is now possible to visualize a system of tube-shaped 

cytoplasmic expansions residing between the compacted layers of myelin 

(Snaidero et al. 2014), connecting the oligodendroglial cell body, the major site 

of membrane biosynthesis, to the innermost layer of myelin, which is in direct 

contact with the axon. The detection of microtubules and vesicular structures 

within the cytoplasmic regions suggests that they serve as tracks for motor-driven 

transport processes. These cytoplasmic regions are necessary to provide 

metabolic support, to maintain functional axon-glial units over a long period of 

time, and to regulate myelin thickness within active neuronal circuits (Snaidero et 

al. 2017).  

The balance between myelin compaction and the maintenance of intact 

cytoplasmic regions in the adult myelin sheath is driven by the opposite functions 

of two important constituents of myelin: MBP and CNP. On the one hand, MBP 

drives myelin compaction and, with its polymerization, extrudes cytoplasm from 

the myelin sheath (Aggarwal et al. 2011), on the other hand CNP antagonizes the 

activity of MBP in compacting myelin membrane layers by organizing the actin 

cytoskeleton within the cytoplasmic regions of the myelin sheath in order to 

prevent excessive membrane compaction by MBP. 
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Even if there is still a debate on the relative contribution of OL/axon on the onset 

of myelination, repulsive and/or instructive factors on axons must operate in 

vivo in order to control myelination.  

It is known that OPCs have an intrinsically encoded program for their 

development, and in the absence of neuronal instructions (i.e. in pure in vitro 

cultures) OLs have an intrinsic timing program for differentiation and generation 

of specialized membranes of similar molecular composition to myelin. With the 

development of 3D cultures and the technological advances, it has been 

possible to demonstrate the capacity for OLs to generate compact, multilamellar 

myelin membranes ensheathing microfibers of appropriate diameter (Figure VII; 

S. Lee et al. 2012; 2013; Bechler, Byrne, and ffrench-Constant 2015). Hence, OLs, 

in the presence of appropriate physical cues, seem to intrinsically contain the 

information to generate the proper three‐dimensional architecture of myelin.  
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The minimum axonal diameter to ensure OLs to myelinate is 0.2 µm, however 

between diameters of 0.2 µm and 0.8 µm, both myelinated and unmyelinated 

axons are found (Remahl and Hildebrand 1982; WAXMAN and BENNETT 1972). 

Thus, it appears that size cannot be the sole criterion to explain how OLs select 

the axons.  

Axonal caliber seems to be correlating more to the thickness (number of 

lamellae) of myelin sheaths and their relationship has been stereotyped by the g-

ratio (ratio of axon diameter to the outer diameter of the myelin sheath). In 

particular, it seems that thickness increases with the increase of the diameter of 

  

Figure VII. 3D cultures of rat primary cortical oligodendrocytes on 1–2 µm microfibers or 

neurons (right). The scale bars represent 40 µm. Representative confocal images showing the 

distinction between process extension and sheath formation (right). The scale bars represent 

10 µm. Adapted from (Bechler, Byrne, and ffrench-Constant 2015). 
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fibers (Hildebrand and Hahn 1978). The regulation of myelin thickness is itself highly 

regulated by lots of pathways: phosphatidylinositol-3-phosphate kinase (PI3K)/Akt 

(Ana I. Flores et al. 2008; Goebbels et al. 2010; Harrington et al. 2010), insulin-like 

growth factor-1 (IGF-1) or Neuregulin-1 type III (Carson et al. 1993; Zeger et al. 

2007; Brinkmann et al. 2008), ERK1/ERK2-mitogen-activated protein kinase (MAPK) 

pathways (Rubinfeld and Seger 2005; Ishii et al. 2012) overactivation increases 

myelin thickness, while inhibition of mTOR (Narayanan et al. 2009) and FGF 

receptor-1 and -2 pathways (Furusho et al. 2012) reduces it.  

Beyond physical cues like axonal caliber, the existence of highly localized 

signaling mechanisms regulating the timing of myelination, that varies among 

CNS regions (Colello et al. 1995; Colby et al. 2013), has been demonstrated. 

At present there are three theories that could potentially explain the regional 

variability in the timing of CNS myelination. The first hypothesis is that OPCs 

represent a heterogeneous population of cells (see Introduction 1.2) capable of 

forming myelin at different times. The second is that region-specific environmental 

cues are responsible for initiating myelination at the appropriate time. The third 

theory is that an OL‐intrinsic program establishes a basic pattern of myelination 

that can then undergo adaptation to modify myelin sheath number and/or 

properties (Bechler, Swire, and ffrench-Constant 2018).  

Accumulating evidence suggests that the myelination process depends on the 

balance between signals: negative signals (e.g. PSA-NCAM expression on axonal 

surface; Charles et al. 2000) need to be removed to allow myelination, and 

positive signals (e.g. axon electrical activity; Demerens et al. 1996; Gibson et al. 

2014) have to be activated in order to initiate the wrapping process. 
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2.2.2. OL physiological cell death depends on axons that need to be myelinated 

Axon/OL crosstalk is essential also to determine OL physiological cell death. 

During development OLs are generated in excess, and the supernumerary cells 

are eliminated by a regulated program called apoptosis (B. A. Barres et al. 1992a; 

Patrizia Casaccia-Bonnefil 2000). OL death occurs within the first days of myelin 

formation, while pre-myelinating OLs begin to form membrane wraps around 

axons. Cell death in the OL lineage has been interpreted as a way to adjust the 

number of myelinating cells to that of the axons (B. A. Barres et al. 1992a). 

Observations in (B. A. Barres et al. 1992b; M. Raff et al. 1993) for rat developing 

optic nerve (in which almost 50% of OLs are eliminated) and in (Trapp et al. 1997) 

for the developing neocortex (20% of pre-myelinating OLs undergo apoptosis by 

the second postnatal week) led to the hypothesis that signals for OL survival are 

generated by neurons upon axonal contact. In this view, developmental OL 

death may be caused by the competition for limiting amounts of trophic factors 

provided by axons (B A Barres et al. 1993). This notion is further illustrated by 

experiments in which the number of OLs was artificially elevated, which resulted 

in increased OL apoptosis and a normalization of OL numbers (Calver et al. 1998; 

Woodruff et al. 2004). Thus, the final number of surviving OLs is defined by the 

number and the length of axons that need to be myelinated (Ben A. Barres and 

Raff 1999).  

Of note, among the neuron-derived molecules that control OL survival, we find 

Neuregulins (NRGs), a family of proteins containing an EGF-like motif that 

activates the membrane-associated ErbB2, ErbB3 and ErbB4 receptor tyrosine 
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kinases. In the developing CNS, NRGs activate ErbB in OLs. In culture, NRG-1 

supports the survival of maturing OLs (Fernandez et al. 2000; A. I. Flores et al. 2000; 

Carteron, Ferrer-Montiel, and Cabedo 2006) and the addition of NRG decreases 

the amount of cell death that occurs during normal development or optic nerve 

transection experiments.  
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3.  Oligodendrocytes in injury and pathology 

 

As we illustrated in Introduction 2, OL death is not necessarily a sign of disease as 

OLs die during development without underlying pathology (see Introduction 

2.2.2.). However, oligodendroglial cells are remarkably vulnerable to damage 

and OL pathologies are very frequent in humans and lead to physical or mental 

disabilities. 

 

3.1. OL involvement in pathology 

Loss of myelinating OLs and OPCs is a feature of many CNS injury and disease 

states. For instance, the most common prominent pathological causes of OL 

death have been observed following traumatic injury to the adult rodent and 

human spinal cord (Crowe et al. 1997; E. Emery et al. 2008; Grossman, Rosenberg, 

and Wrathall 2001; McTigue, Wei, and Stokes 2001; Almad, Sahinkaya, and 

McTigue 2011) and autoimmune attacks, such as Multiple Sclerosis (MS; Brosnan 

and Raine 1996; Dowling et al. 1996; Jean E. Merrill and Benveniste 1996; Patel 

and Balabanov 2012; Cudrici et al. 2006). While in traumatic injury OL death and 

demyelination can follow the original injury (Fancy, Harrington, et al. 2011; Assinck 

et al. 2017), in autoimmune diseases myelin and OL specific proteins are the 

primary target of an immune attack.  

OL death, dysfunction and/or demyelination also occur in neurodegenerative 

pathologies such as Alzheimer’s disease (AD) and Huntington’s disease (HD) (Roth 

et al. 2005; Sjöbeck, Haglund, and Englund 2005; Bartzokis 2007). While in AD OL 

death and demyelination are believed to occur secondary to 



 

 

35 

neurodegeneration (McAleese et al. 2017), specific mutations HD-related in OLs 

recently reveal that OLs could be directly involved in axonal degeneration 

(Huang et al. 2015). Intriguingly, white matter pathology in AD is predominantly 

affecting those CNS regions that were myelinated last (neuropathologic 

retrogenesis) (Braak and Braak 1996; Reisberg et al. 2002), suggesting a 

connection between late myelin development and AD. 

Moreover, OL and myelin pathology are also important components of several 

genetic diseases (see below) and of permanent disorders of the development 

(including exposure to radiation or infection during intrauterine development, 

hypoxia before birth, birth trauma and complications in the perinatal period or 

during childhood) leading to cerebral palsy (R. Káradóttir and Attwell 2007; Volpe 

and Zipurksy 2001). Recently, prominent OL dystrophy and death have been 

detected in postmortem schizophrenic brains (Uranova et al. 2007) and identified 

as downstream targets in some neuropsychiatric disorders. Intriguingly, OL density 

was region-specifically reduced in patients with bipolar disorders and 

schizophrenia (Vostrikov, Uranova, and Orlovskaya 2007). 

 

As described, OL lineage cells are susceptible to multiple disease and injury 

conditions and, even if not directly, are involved in many neurodegenerative 

diseases. Understanding the triggers of OL of cell death and their mechanisms is 

now fundamental to design new therapeutic interventions in pathologies.  

 

3.2. Mechanisms of OL cell death 

 

http://en.wikipedia.org/wiki/Hypoxia_%28medical%29
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3.2.1. Oxidative damage 

Due to the combination of a high metabolic rate, high intracellular iron, and low 

concentrations of the antioxidative glutathione, OLs are particularly vulnerable to 

oxidative damage (Juurlink 1997; Thorburne and Juurlink 1996).  

They have to synthesize large amounts of myelin membrane and an OL can make 

up to three times its weight in membrane per day during myelination. Of 

consequence, in order to maintain this volume of membrane, OLs have been 

estimated to operate at the highest metabolic rate of any cell in the brain 

(Connor and Menzies 1996). 

Myelin production is an energy dependent process, hence large amounts of ATP 

have to be produced and consumed. A toxic byproduct of ATP synthesis is 

hydrogen peroxide, which, if not metabolized, has been shown to cause DNA 

degradation and OL apoptosis in vitro (Ladiwala et al. 1999; Uberti et al. 1999; 

Mouzannar et al. 2001; Wosik et al. 2003). 

Hydrogen peroxide is also produced by peroxisomes, abundant in OLs because 

of their need to produce large quantities of lipids.  

OLs and OPCs have the largest intracellular stores of iron in the adult brain (20-

fold greater than astrocytes) (Thorburne and Juurlink 1996; Cheepsunthorn, 

Palmer, and Connor 1998). The reason resides in the fact that many metabolic 

and myelin synthetic enzymes require iron as a co-factor (Connor and Menzies 

1996). However, iron is highly reactive and can catalyze the conversion of 

hydrogen peroxide into hydroxyl radicals, which directly damage OL intracellular 

compartments (Braughlers, Duncan, and Chase 1986; Juurlink 1997), leading OL 

population to a high susceptibility to oxidative damage. 
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In addition, OLs have low concentrations of glutathione, an antioxidative 

molecule (Thorburne and Juurlink 1996), whose expression is mainly under the 

control of Nuclear factor erythroid 2-related factor 2 (NRF2), an important 

component of the antioxidant response.  

Thus, the basic function of being an OL puts these cells at greater risk of oxidative 

damage, a condition observed in several pathological states associated with OL 

loss, including MS, AD, spinal cord injury, CNS hypoxia, and ischemia (Husain and 

Juurlink 1995; Stankiewicz et al. 2007). A specific involvement of oxidative stress in 

OPCs was found in Schizophrenia, a neurodevelopmental disorder characterized, 

among the others, by cognitive symptoms arising from the prefrontal cortex, 

which results usually demyelinated. For instance, Maas and colleagues in (Maas, 

Vallès, and Martens 2017) proposed the redox-induced prefrontal OPC-

dysfunctioning hypothesis for the aetiology of cognitive symptoms, which states 

that elevated ROS caused by genetic and/or environmental factors result in the 

dysfunctioning of OPCs through a number of cellular pathways, including the 

ERK1/2 and MAPK signaling cascades that cause an inactivation of the mTOR 

pathway, and hence negatively influence proliferation and differentiation of this 

cell type. Similarly, oxidative stress seems to play an important role also in the 

pathogenesis of Periventricular White Matter Injury, as an in vitro study show that 

treatment of oligodendrocyte precursor cells with oxidizing agents decreases 

expression of genes important in promoting oligodendrocyte maturation, such as 

Shh, Sox10, HDAC3, Olig1 and Olig2 (French et al. 2009). 
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3.2.2. DNA damage 

Correlated to oxidative stress we find DNA damage, one of the peculiar features 

of white matter diseases (WM), such as MS or AD, characterized by the presence 

of plaques with loss of myelin, heavy astrogliosis and strong microglia activation 

(Moll et al. 2011; Schmierer et al. 2007). Localized in these plaques there are DNA 

damaged OLs that show signs of apoptosis (in MS, preferentially; Haider et al. 

2011). Of note, in AD plaques also senescent OLs and OPCs have been found (Al-

Mashhadi et al. 2015). These cells with such a distinct fate are characterized by 

an irreversible cell cycle arrest in response to genomic stress and are considered 

one of the damaged cells responsible of this pathological condition (Peisu Zhang 

et al. 2019). 

In demyelinating diseases or in aging DNA damage has been found as the 

prevalent consequence of oxidative stress but also represents the primary insult in 

genetic diseases characterized by mutations in the system of the DNA repair 

(Yoon et al. 2005). DNA damage is clearly one of the more consistent cellular 

anomalies in OLs in demyelinating lesions, and the OL lineage need of intact DNA 

repair pathways suggests additional cell type-specific risks to the OL lineage in 

the aging brain (Tse and Herrup 2017).  

 

3.2.3. Sphingomyelinase/ceramide pathway 

In addition to risks associated with myelin synthesis (as source of oxidative stress, 

see Introduction 3.2.1.), some constituents of the myelin membrane, such as 

sphingolipids, can be a source of damage to OLs. They are one of the major 

components of plasma membranes, representing the 20% of dry myelin in weight 
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(Baumann and Pham-Dinh 2001; Morales et al. 2007). Besides their well-known role 

in structural support, some components of sphingolipids play key roles in general 

cellular functions including proliferation, differentiation and apoptosis (Posse de 

Chaves 2006; Morales et al. 2007). Sphingolipids comprise ceramide cores which 

can associate one to the others, in order to form domains in which death 

receptors (DRs) are clustered (Morales et al. 2007; Schenk et al. 2007). DRs initiate 

apoptotic cascades and are activated by ligands typically present in 

pathological conditions (Aktas, Prozorovski, and Zipp 2006). Ceramide can also 

be released intracellularly by enzymatic cleavage of membrane sphingolipids 

(van Echten-Deckert and Herget 2006; Morales et al. 2007). A major enzyme 

mediating this cleavage is sphingomyelinase, which can be activated by 

infectious agents, nerve growth factor or by signals commonly involved in CNS 

injury, such as tumor necrosis factor a (TNFa) (Testai, Landek, and Dawson 2004; 

Posse de Chaves 2006; Schenk et al. 2007). Once released into the cell, ceramide 

acts as a second messenger and activates molecules such as c-jun-N-terminal 

kinase (JNK), p38 and caspases (Patrizia Casaccia-Bonnefil 2000; Morales et al. 

2007), resulting in OL apoptosis. 

 

3.2.4. Excitotoxicity  

Several studies have shown that OLs and myelin are vulnerable to glutamate 

excitotoxicity, both in vivo and in vitro (Matute et al. 1997; S. Li and Stys 2000; 

Domercq et al. 2007). Many CNS pathological conditions, including normal aging, 

are characterized by elevated extracellular levels of this excitatory 

neurotransmitter (Arundine and Tymianski 2004; Park, Velumian, and Fehlings 
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2004; Hynd, Scott, and Dodd 2004). Glutamate can be released by axons, mature 

and immature OLs, macrophages and microglia (Fern and Möller 2000; Piani and 

Fontana 1994; Domercq et al. 2007) upon injury, and an excess of this 

neurotransmitter causes prolonged activation of glutamate AMPA, kainate, and 

NMDA receptors, which leads to apoptosis by the accumulation of high levels of 

intracellular calcium.  

Glutamate toxicity to OLs was shown to be mediated by AMPA/kainate and/or 

NMDA receptors via, among the others, JNK pathway (Patneau et al. 1994; 

Matute et al. 2002; Bakiri et al. 2008; Tekkök, Ye, and Ransom 2007; Canedo-

Antelo et al. 2018), and their sensitivity to excitotoxicity depends on the 

developmental stage. In fact, AMPA and kainate receptors are expressed in 

developing OLs, but not in human adult OLs (Wosik et al. 2004) and the NMDA 

receptor is expressed only on OL processes throughout myelination (Salter and 

Fern 2005; Ragnhildur Káradóttir et al. 2005). Glutamate-mediated OL damage 

was reported in both acute and chronic diseases, including brain injury after 

asphyxia or premature birth (Volpe and Zipurksy 2001), MS (Matute et al. 2001) 

and stroke (Dewar, Underhill, and Goldberg 2003).  

 

3.2.5. Pro-inflammatory cytokines  

Pro-inflammatory cytokines are thought to contribute to OL pathology and are 

often detected at sites of CNS injury or disease. The cytokines IL-1β, IL-2, interferon 

γ (IFNγ), and TNFα have been shown to promote OL death in vitro (Curatolo et al. 

1997; Hisahara et al. 1997), acting in direct or indirect ways. TNFa can directly kill 

OLs by binding to the p55 TNF receptor, which induces the apoptosis-inducing 
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factor which via JNK in turn leads to DNA degradation and caspase-independent 

apoptosis (Jurewicz et al. 2003; 2005). OL nuclei containing the apoptosis-

inducing factor have been detected around MS plaques, suggesting that this 

pathway may contribute to OL loss and disease progression (Jurewicz et al. 2005). 

Alternatively, TNFa and IFNγ can indirectly kill OLs by activating microglial cells 

and macrophages production of free radicals (J. E. Merrill and Scolding 1999; J. 

Li et al. 2008; Y. Li et al. 2017).  

However, it should be noted that some of the “death stimuli” cited above, like 

TNFa and IL-1β, can also exert protective and pro-myelinating functions for OLs 

(Arnett et al. 2001; Mason et al. 2001), making the scenario even more 

complicated for researchers and clinicians in search for treatments.  

 

3.2.6. Genetic alterations 

Much rarer are genetic defects that lead to oligodendrocyte damage as seen in 

some leukodystrophies. For instance, mutations in the gene encoding myelin PLP 

(expressed in mature OLs, see Introduction 2.1.) cause accumulation of misfolded 

PLP protein in the endoplasmic reticulum and eventually leads to dysmyelination 

and OL death in Pelizaeus–Merzbacher disease (Jung et al. 1996; Gow, Friedrich, 

and Lazzarini 1994). In Krabbe’s disease (an inherited globoid cell 

leukodystrophy), lack of the enzyme galactosylsphingosine leads to 

accumulation of the toxic metabolite psychosine, which eventually cause a 

reduction of glutathione levels and the activation of the activating protein-1 (AP-

1) pro-apoptotic pathway, leading to OL loss (M. Khan et al. 2005; Giri et al. 2006). 

White matter alterations were also reported in the metachromatic leukodystrophy 
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(mutations in the enzyme arylsulphatase A), Canavan disease (defect in 

aspartocyclase), Refsum’s disease (defects in enzymes breaking down phytanic 

acid) (R. Káradóttir and Attwell 2007). In the adrenoleukodystrophy, a genetic 

myelin disorder with OL loss, a defect in the ABCD1 gene leads to accumulation 

of very long chain fatty acids, alters OL membrane function and renders them 

more vulnerable to cell death via inflammatory mediators (Moser, Dubey, and 

Fatemi 2004). 

 

3.3. OL involvement in Autosomal Dominant adult-onset Leukodystrophy (ADLD) 

Molecular mechanisms underlying OL differentiation and CNS myelination 

include extrinsic signaling such as extracellular ligands and neuronal activities and 

intrinsic cues such as transcriptional factors, microRNAs, and chromatin 

remodeling (see Introduction 1). Failure to integrate these molecular mechanisms 

leads to diseases such as hereditary leukodystrophies or MS.  

As illustrated in Introduction 1.1.1., lamins and their regulators exert an important 

function in the regulation of gene expression. Mammalian cells have two major 

types of lamins, A-type and B-type. A-type lamins include Lamin A and Lamin C, 

both encoded by LMNA gene, B-type lamins include Lamin B1 encoded 

by LMNB1 and Lamin B2 encoded by LMNB2 (Takamori et al. 2018). Lamins 

anchor chromatin to the nuclear lamina and act as a scaffold for chromatin 

remodeling and are thus critical for determining spatial organization of 

chromosomes in the nucleus (Vlcek and Foisner 2007). In the CNS lamins are 

widely expressed by different type of cells. Of note, Lamin A is particularly 

expressed by astrocytes, while Lamin B1 by oligodendroglial lineage and 
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especially by OPCs (Takamori et al. 2018) as its levels decline during 

differentiation. Interestingly, demyelination is the only reported phenotype 

associated with LMNB1 duplication, which leads to the hereditary Autosomal 

Dominant adult-onset Leukodystrophy (ADLD). ADLD is a progressive and fatal 

neurological disorder characterized by early autonomic dysfunction, cognitive 

impairment, pyramidal tract and cerebellar dysfunction, and white matter loss in 

the central nervous system (Quasar S. Padiath et al. 2006). ADLD is caused by 

duplication of the LMNB1 gene, which results in increased Lamin B1 transcripts 

and protein expression. LMNB1 duplication cause, from a neuropathological 

point of view, myelin loss usually in all brain areas, including frontal and parietal 

lobes, periventricular areas and cerebellum (usually verified in patients by 

Magnetic Resonance Imaging; Melberg et al. 2006; Quattrocolo et al. 1997; 

Bergui et al. 1997; Quasar Saleem Padiath and Fu 2010). Postmortem 

histopathological examinations confirm this prominent reduction of myelin with 

no significant loss of OLs in demyelinated regions, no signs of microgliosis and little 

but well-defined signs of astrogliosis (Figure VIII; Melberg et al. 2006). Notably, 

astrocytes show an aberrant plump morphology, characterized by irregular, 

shortened and thick processes, suggesting that a primary astrocyte pathology 

might also be present in the disease. OL cell death is, instead, peculiar of other 

leukodystrophies. Analyses of oligodendrocyte cell number in a mouse model 

overexpressing Lamin B1 under Proteolipid Protein 1 (PLP1) promoter do not 

reveal, in line with human findings, any reduction in these mice, nor was there an 

increase in markers of apoptosis, suggesting that the overexpression of Lamin B1 

is not detrimental to cell survival (Rolyan et al. 2015). 
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Another possible source of demyelination could be the impairment of the 

pathways responsible for myelin maintenance in OLs. Rolyan and colleagues 

(Rolyan et al. 2015) report a significant age dependent reduction in the 

expression of multiple genes responsible for lipid synthesis in oligodendrocytes, 

some well before the disease onset. Moreover, a recent study identifies genes 

with a critical role in lipid metabolism whose expression was inversely related to 

 

Figure VIII. Histopathology of ADLD. (A, B) Coronal sections at the level of the basal 

ganglia of a 69-year-old man display reduced white matter, irregularly shaped miscolored 

areas of demyelination (asterisk, left), and widespread diffuse loss of myelin (pallor of the 

blue color, right). (C-F) Sections from the parietal white matter of a 56-year-old woman 

display diffuse loss of myelin (Luxol fast blue-cresyl violet staining, C), little but well-defined 

astrogliosis (brown, astrocytes GFAP+;  D), no lymphocyte infiltrates but scattered CD68+ 

macrophages (brown cells) in the demyelinated area and (F) unaffected density of 

neurofilament positive axons. The number of oligodendroglial nuclei (blue) in panels D 

and E appears the same irrespective of the intensity of the myelin stain (C). 
 Scale bar, 100 μm. Adapted from (Melberg et al., 2006). 

Martina Lorenzati
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LMNB1 levels (Yattah et al. 2020). Among them we find Lss, the gene encoding 

for lanosterol synthase, a key enzyme in cholesterol synthesis.  

Despite these data and the increasing evidence on this disease, the pathogenic 

mechanisms underlying ADLD have only begun to be explored and further studies 

need to be carried out to delineate the pathways linking LMNB1 and OL/myelin 

regulation, not only to understand the basic biology of the ADLD but also to 

identify therapeutic interventions for this fatal disorder. 

 

OL death can be induced by a plethora of extracellular molecules and 

intracellular mechanisms, making them remarkably vulnerable to damage upon 

multiple disease and injury conditions. Even without a marked cell death, as in 

ADLD, a disbalance in gene expression in OLs can lead to pathological events, 

such as demyelination.  
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 4.  Outline of the thesis  

OLs are the myelinating cells of the CNS and are the end product of a cell lineage 

which has to undergo a complex and precisely timed program of proliferation, 

migration, differentiation, and myelination to finally sheath axons. Due to this finely 

tuned differentiation program and to their unique metabolism, OLs are 

considered as one of the most vulnerable cell populations of the CNS. In the last 

decades, OLs have been considered increasingly important in various 

pathologies characterized by dys/demyelination. As a consequence, there has 

been increasing interest in understanding the mechanisms underlying their 

biology and their developmental origins.  

Overviewing the actual knowledge about OLs and their progenitors, there are still 

open issues about the basis of OPC/OL diversity, in the mechanisms involved in 

the regulation of OPC proliferation and OL morphology in physiological and in 

pathological conditions.  

 

On these bases, in this thesis work we address the following resumed issues: 

 

1 Identification of JNK1 involvement in the regulation of OPCs proliferation 

and myelination. In this study (Lorenzati M. et al., in revision) we noticed a 

lower expression of myelin proteins in a JNK1 KO murine model, which results 

also characterized during development by higher density of proliferating, 

low branched OPCs. To disentangle OL/neuronal relative contribution we 

performed pure mouse/rat OPC cultures. 
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2 Identification of DNA damage as the noxious insults that uncovers dorsal 

vs ventral heterogeneity in OPCs. In this study (Boda E.*, Lorenzati M. et al., 

in revision) we initially took advantage of a murine model of microcephaly 

characterized by Citron Kinase loss (Cit-k KO), in which we found that dorsal 

and ventral DNA damaged OPCs undergo distinct cell fates due to a 

differential response to oxidative stress. To understand the trigger of this 

diversity we perform OPCs cultures treated with cisplatin, an alkylating 

agent.  

 

3 Identification of Allele-Specific Silencing as a treatment for gene 

duplication disorders. In this work (Giorgio E.*, Lorenzati M. et al., 2019) we 

successfully tested a siRNA strategy on rat OLs overexpressing hLMNB1, the 

gene responsible for the Autosomal Dominant adult-onset Leukodystrophy 

(ADLD). In this study, siRNA library and screening have been designed and 

conducted by Elisa Giorgio and Alfredo Brusco (University of Turin). 
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1. Experimental animals  

For histological analyses and Magnetic-Activated Cell Sorting (MACS) described 

in Results 1 we employed JNK1 KO (Reinecke et al. 2013) and age-matched wild-

type (WT) mice as controls. For OPC Magnetic-Activated Cell Sorting (MACS), in 

vitro functional assays and pharmacological treatments described in Results 2 we 

employed germinal Cit-K KO (Di Cunto et al. 2000), Emx1Cre;R26RYFP (kindly 

provided by Prof. Takuji Iwasato, National Institute of Genetics, Japan and Prof. 

Shigeyoshi Itohara, RIKEN Brain Science Institute, Wako City, Saitama, Japan; 

Iwasato et al. 2000) mice and WT as controls.  

Perfusions of juvenile and adult mice were carried out under deep general 

anaesthesia obtained by intraperitoneal administration of ketamine (100 mg/kg; 

Ketavet; Bayern; Leverkusen, Germany) supplemented by xylazine (5 mg/kg; 

Rompun; Bayer). For OPCs cultures, postnatal (P0-P1) mice and rats were 

anesthetized on melting ice. Groups of 4–5 mice were housed in transparent 

polycarbonate cages (Tecnoplast, Buggirate, Italy) provided with sawdust 

bedding, boxes/tunnels hideout as environmental enrichment and striped paper 

as nesting material. Food and water were provided ad libitum; environmental 

conditions were 12 h/12 h light/dark cycle, room temperature 21 °C ± 1 °C and 

room humidity 55% ± 5%. 

The experimental plan was designed according to the guidelines of the NIH, the 

European Communities Council (2010/63/EU) and the Italian Law for Care and 

Use of Experimental Animals (DL26/2014). It was also approved by the Italian 

Ministry of Health (Authorization 1112/2016 prot E669C.20) and the Bioethical 
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Committee of the University of Turin. The study was conducted according to the 

ARRIVE guidelines. 

 

2. Histological procedures  

WT and JNK1 KO (in Results 1) or CIT-K KO (in Results 2) mice were anaesthetized 

and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1M phosphate 

buffer (PB). Brains were post-fixed for 1 or 5 hours (for immunofluorescence or 

Gallyas staining, respectively), cryoprotected, and processed. Brains were cut in 

sagittal sections, for Gallyas stain of myelin using silver nitrate (Pistorio, Hendry, and 

Wang 2006; Pellegrino et al. 2016). Otherwise, brains were cut in 40 µm thick 

coronal sections and then treated in order to detect the expression of the 

following antigens: NG2 (1:200, Millipore, Billerica, MS, USA), PDGFRα (APA-5 clone, 

1:300, BD Biosciences, San Jose, CA, USA), MBP (Smi-99 clone, 1:1000 Sternberger), 

SMI31 (1:500, SMI-31R Sternberger), CASPR (1:1000, Abcam), cCASPase-3 (1:200, 

Cell Signaling), Ki67 (1:750, Invitrogen) in Results 1; γH2Ax (1:200, Cell Signaling) 

and cCASPase-3 (1:150, Cell Signaling Technology, Danvers, MA, USA) in Results 

2. Incubation with primary antibodies was made overnight at 4°C in PBS with 2% 

Triton-X 100. The sections were then exposed for 2 h at room temperature (RT) to 

secondary Cy3-/ Cy2- (Jackson ImmunoResearch Laboratories, West Grove, PA), 

Alexafluor 647- (Molecular Probes Inc, Eugene, Oregon) conjugated antibodies. 

4,6-diamidino-2-phenylindole (DAPI, Fluka, Milan, Italy) was used to counterstain 

cell nuclei. Sections were mounted on microscope slides with Tris-glycerol 

supplemented with 10% Mowiol (Calbiochem, LaJolla, CA). TUNEL assay was 
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performed using the TMR red In Situ Cell Death Detection Kit (Roche, Basel, 

Switzerland) according to the manufacturer’s protocol. 

The Senescence-Associated β-Galactosidase Staining Kit (Sigma-Aldrich, Saint 

Louis, MS, USA) was used to detect β-galactosidase activity at pH 6, a known 

characteristic of senescent cells, on slices obtained from frozen brain tissue, as 

described in the manufacturer’s instructions (Results 2). 

 

3. Design of siRNAs and generation of shRNA Recombinant Lentivirus 

particles 

A siRNA library was designed as described in (Schwarz et al. 2006), targeting the 

“C” or the “T” alleles of the rs1051644 SNP. A siRNA targeting the Renilla Luciferase 

gene (siRen, C+) and a nonspecific siRNA (scramble) were used as controls in the 

experiments. All siRNAs were synthesized with a dTdT 3’-end tail by Eurofins 

Genomics (Ebersberg, Germany). The most efficient ASP-siRNA (SNP position 4) 

targeting the T allele was converted to generate a mCHERRY-tagged short-

hairpin RNA expression vector and cloned into Recombinant Lentivirus particles 

(LV-ASP-T4 shRNA; pLV[shRNA]-mCherry:T2A:Puro-U6; viral titer 1.62x10^9 TU/mL; 

outsourced to Vector Builder). The lentiviral particles produced were resuspended 

in Hank's Balanced Salt Solution (HBSS) buffer. Viral stocks were stored at -80°C 

until use. The virus was subsequently titered in primary cultures of rat OPCs by serial 

dilutions. Five days post-infection, cells were collected, and the rate of 

transduction evaluated by fluorescent microscopy. 

 



 

 

52 

4. OPC Magnetic-activated cell sorting (MACS) isolation, cell culture 

procedures and immunocytochemistry 

After tissue dissociation with a papain + DNAseI solution (papain 1.5 mg/ml, L-

cysteine 360 µg/ml, DNAseI 1000U/ml in MEM; all from Sigma-Aldrich, Saint Louis, 

MS, USA), mouse OPCs were enriched by positive selection using an anti-PDGFRα 

antibody conjugated to magnetic beads, according to the instructions of the 

manufacturer (Miltenyi Biotech GmbH, Bergisch Gladbach, DE). Depending on 

the experiment, MACSorted OPCs were plated onto poly-D-lysine (1µg/ml, Sigma-

Aldrich, Saint Louis, MS, USA) coated glass coverslips in a proliferative medium 

including Neurobasal, 1X B27 (Invitrogen, Milan, Italy), 2 mM L-glutamine (Sigma-

Aldrich, Saint Louis, MS, USA), 10 ng/ml PDGF-BB and 10ng/ml human bFGF 

(Miltenyi Biotech GmbH, Bergisch Gladbach, DE), processed for quantitative RT-

PCR analysis or used for functional assays. Purity of the MACS-selected OPCs was 

verified by immunocytochemistry (more than 95% of the cells were NG2-positive 

(+) at 6 hours post-plating).  

Cells described in Results 1 were cultured 3DIV in proliferative medium (described 

above) and fixed. Alternatively, they were maintained 1DIV in proliferative 

medium and 6DIV in non-proliferative medium - Neurobasal, 1X B27 (Invitrogen, 

Milan, Italy), 2 mM L-glutamine (Sigma-Aldrich, Saint Louis, MS, USA) - to allow 

differentiation, and subsequently fixed. After 3 or 7 DIV, OPCs/OLs were then fixed 

for 20 minutes at RT with 4% PFA in 0.1M PB and labelled with anti-NG2 (1:400, 

Millipore, Billerica, MS, USA), -Ki67 (1:1000, Novocastra), -cCASPase-3 (1:400, Cell 

Signaling) and -MBP (Smi-99 clone, 1:1000 Sternberger) antibodies overnight at 

4°C in PBS with 0.25% Triton-X. Then, coverslips were incubated with Cy3-/Cy2- 
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(Jackson ImmunoResearch Laboratories, West Grove, PA) and Alexafluor647- 

conjugated secondary antibody (Molecular Probes, Eugene, Oregon) for 1-hour 

RT. After a 5-minute incubation with DAPI (1:1000, Fluka, Saint Louis, USA), 

coverslips were mounted with Tris-glycerol supplemented with 10% Mowiol 

(Calbiochem, LaJolla, CA).  

In Results 2 cells were fixed for 20 minutes at RT with 4% PFA in 0.1M PB and labeled 

with anti-NG2 (1:500, Millipore, Billerica, MS, USA), -γH2AX (S139; 1:500; Cell 

Signaling Technology, Danvers, MA, USA), -GFP GFP (1:700, Molecular Probes, Life 

Technologies, Eugene, Oregon), -Nrf2 (1:200, Abcam), -AN2 (1:100, Miltenyi 

Biotech) antibodies overnight at 4°C in PBS with 0.25% Triton-X. Then, coverslips 

were incubated with Alexa488- and Alexa555- conjugated secondary antibody 

(Molecular Probes, Eugene, Oregon) for 1 hour RT. As described above, after a 5-

minute incubation with DAPI (1:1000, Fluka, Saint Louis, USA), coverslips were 

mounted with Tris-glycerol supplemented with 10% Mowiol (Calbiochem, LaJolla, 

CA). For determination of oxidative stress, MACSorted OPCs were let adhere for 

3 hours onto poly-D-lysine coated glass coverslips and then incubated with DHE 

(Molecular Probes, Eugene, Oregon) at a final concentration of 30µM in PBS at 

37°C for 5 minutes. Then, cells were washed with PBS and fixed as described 

above. Expression Senescence-Associated β-Galactosidase (Senescence-

Associated β-Galactosidase Staining Kit; Sigma-Aldrich, Saint Louis, MS, USA) was 

assessed on MACSorted Cit-K KO and WT OPCs after 3 hours of adhesion onto 

poly-D-lysine coated glass coverslips in proliferative medium (see above). To 

assess WT OPC vulnerability to chemically-induced DNA damage, OPCs were 

MACS-isolated from either the dorsal cortex and ventral forebrain of P8 
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Emx1Cre;R26RYFP mice and plated on coverslips in proliferative medium at a density 

adequate to obtain homogenous proliferative rates (50,000 cells/coverslip 

12mm). After 48h, OPCs were incubated with titrated concentrations of cisplatin 

(1mg/ml stock, Teva Pharmaceuticals, USA) for 18h. Cells were then fixed at 48h 

after cisplatin removal and immunostained as described above. In a set of 

experiments, NAC (60 µg/ml; Shi, Marinovich, and Barres 1998)  was added to the 

medium during cisplatin treatment and during the following 48h. For 4-Nitro Blue 

Tetrazolium Assay (NBT, Sigma-Aldrich, Saint Louis, MS, USA) MACS-sorted dorsal 

and ventral OPCs were collected and processed following manufacturers’ 

instructions. Signal was evaluated as absorbance at 560 nm.  

 

5. Primary rat OPC cell culture, transduction, transfection and 

immunocytochemistry 

Primary oligodendrocyte precursors were isolated by shaking method from mixed 

glial cultures obtained from P0-2 Sprague-Dawley rat cortex, as described in 

(Boda et al. 2015). OPCs were plated onto poly-D-lysine (1µg/ml, Sigma-Aldrich) -

coated 12-mm glass coverslips (5 x 104 cells/coverslip in Results 1) or Thermo 

Scientific Nunc Lab-Tek II chambered Coverglass (20,000 cells/cm2 in Results 3), 

cultured in Neurobasal with 1X B27 (Invitrogen, Milan, Italy), 2 mM L-glutamine, 10 

ng/mL human platelet derived growth factor (PDGF)-BB and 10 ng/ mL human 

basic fibroblast growth factor (bFGF) (Miltenyi Biotec, Calderara di Reno, Italy) 

and used for immunocytochemistry and/or transfection/transduction assays. 

In Results 1, after 1 day in vitro (DIV), the cell permeable JNK-inhibitor D-JNKI-1 

(2µM) (Borsello et al. 2003) was added to the medium until fixation (after 3DIV or 



 

 

55 

7DIV in proliferative or non-proliferative conditions, respectively). After 3 or 7 DIV, 

rat OPCs/OLs were then fixed for 20 minutes at RT with 4% PFA in 0.1M PB and 

labelled with anti-NG2 (1:400, Millipore, Billerica, MS, USA), -Ki67 (1:1000, 

Novocastra), -cCASPase-3 (1:400, Cell Signaling) and -MBP (Smi-99 clone, 1:1000 

Sternberger) antibodies overnight at 4°C in PBS with 0.25% Triton-X. Then, coverslips 

were incubated with Cy3-/Cy2- (Jackson ImmunoResearch Laboratories, West 

Grove, PA) and Alexafluor647- conjugated secondary antibody (Molecular 

Probes, Eugene, Oregon) for 1-hour RT. After a 5-minute incubation with DAPI 

(1:1000, Fluka, Saint Louis, USA), coverslips were mounted with Tris-glycerol 

supplemented with 10% Mowiol (Calbiochem, LaJolla, CA).  

In Results 3, on the first day after plating, part of the cells was transduced with 

lentiviral particles (LV-ASP-T4 shRNA) at a MOI of 50, that yielded a transduction 

efficiency of about 60%. The rest of the cells were used as mock controls to define 

mouse LMNB1 levels. Five days later, transduced cells were transfected with 

hLMNB1-GFP (allele “T” or “C”) construct or a CAGP-AcGFP1 (GFP) empty vector 

using Lipofectamine 2000 (Thermo Fisher Scientific), following the manufacturer’s 

protocol. Cells were harvested 48 hours post transfection, fixed for 20 minutes in 

4% PFA in 0.1 M phosphate buffer (PB) and processed for immunocitochemistry to 

analyze LMNB1 levels and nuclear alterations. Cells were immunostained with 

polyclonal rabbit anti-LMNB1 (1:2000, Abcam) and -NG2 (1:400, Millipore, Billerica, 

MS, USA). Secondary antibodies were Cy3-(Jackson ImmunoResearch 

Laboratories, West Grove, PA) and Alexa Fluor 647-conjugated (Molecular Probes 

Inc, Eugene Oregon). All antibodies were diluted in a PB blocking solution 
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containing 0.3% Triton X-100. To counterstain cell nuclei, we used DAPI (1:1000, 

Fluka, Milan, Italy). 

 

6. In vivo cell counting, 3D reconstructions, densitometric and 

morphological analyses 

Histological specimens from Results 1 were examined using a Leica TCS SP5 (Leica 

Microsystems, Wetzlar, Germany) confocal microscope. Quantitative evaluations 

(i.e. PDGFRα+ cell density, density and fraction of cell duplets, NG2+/Ki67+ cell 

density, cCASP3+/NG2+ cell density, 3D-reconstruction of the corpus callosum) 

were performed by means of the Neurolucida system (MicroBrightfield, 

Colchester, VT). 

The extent of MBP/SMI31 or CASPR staining was quantified with ImageJ (Research 

Service Branch, National Institutes of Health, Bethesda, MD; available at 

http://rsb.info.nih.gov/ij/) as percentage of positive pixels over an area of 0.15 

mm2 in confocal image stacks comprising 16 optical slices 0.99 µm thick (for 

MBP/SMI31) or over an area of 0.015 mm2 in confocal image stacks comprising 5 

optical slices 0.99 µm thick (for CASPR). Confocal images of MBP/SMI31 or CASPR 

immunostaining were all acquired with the same settings (i.e. pinhole size: MBP, 

67.9 µm; SMI31, 67.9 µm; CASPR, 67.9 µm; laser power: MBP, 80%; SMI31, 28%; 

CASPR, 10%; gain: MBP, 484.0 V; SMI31, 570.0 V; CASPR, 570.0; offset: MBP, -2%; 

SMI31, -1.4%; CASPR, -3%) and analyzed after ImageJ default auto-thresholding 

(i.e. IJ_IsoData). Voronoi analysis of the cell distribution was performed with 

ImageJ while cell territory and soma area were analyzed with Imaris (Bitplane) 

software (only cells whose entire extension was completely included in the 

http://rsb.info.nih.gov/ij/
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confocal stack were considered). The number of inspected cells ranged from 46 

to 70 cells per individual, with a total of ~300/350 cells per genotype. Primary 

ramifications, ramification length and complexity of branching analyses were 

performed with the Neurolucida system (MicroBrightfield, Colchester, VT). The 

analysis of the complexity of branching was performed assigning progressive 

numbers (i.e. orders) to branches extending directly from the cell soma (order 1) 

and then to all processes centrifugally emerging from subsequent branches 

(order >1), to describe the hierarchy of the branching scheme.  Each tree (i.e. 

each primary ramification (order 1) associated with its branching scheme) was 

analyzed individually. Plotted values (Figure 5J, 6L) represent the mean of all 

analyzed trees. OPCs juxtaposed with symmetrical cell somata and 

decondensed grainy DNA were recognized as duplets of cells that exited 

cytokinesis after cell division (Boda et al. 2015; Kukley et al. 2008; Ge et al. 2009). 

As such, OPC duplets were counted in tissue slices to measure OPC proliferative 

activity (Girolamo et al. 2019). OPC proliferation was also evaluated by counting 

NG2+/Ki67+ double positive cells.  

 

7. In vitro cell counting and morphological analyses  

In Results 1, expression of Ki67/cCASP3 in cultured OPCs and of MBP in cultured 

OLs was investigated live in five to eight quadrants localized in central and 

peripheral areas of each coverslip - as described in (de Luca et al. 2009) - with 

the Neurolucida software. Results were expressed as a percentage of marker-

positive cells over the number of OPCs per field. For reconstructing OPC 

arborizations, 20-30 non-proliferative (Ki67- negative) OPCs/coverslip isolated 
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from other cells were randomly selected and traced live with the Neurolucida 

software. Cultured MBP+ OLs were categorized in immature/mature OLs 

depending on the localization of MBP+ staining (restricted to ramifications for 

immatures and not restricted/indicative of lamellae for matures) and on the 

complexity of their processes (poorly branched for immatures and complex 

branched and/or that partially form lamellae for matures (Barateiro and 

Fernandes 2014). In all cell counting and morphological analyses the 

experimenter was unaware of the genotype or the treatment of the cells. 

In Results 2, DHE and γH2AX staining intensities were assessed as integrated 

density (i.e. mean intensity multiplied by the area, including cytoplasm and 

nucleus) with ImageJ. Since in most Cit-K KO OPCs γH2AX immunostaining 

resulted in almost fully labeled nuclei, impeding the identification of single foci, 

the number of γH2AX+ foci was assessed by dividing the stained γH2AX+ nuclear 

area by the mean area of a single focus. In all quantifications, measurements 

derived from at least 3 independent experiments, composed by 3 technical 

replicates. Images were examined using a Leica TCS SP5 (Leica Microsystems, 

Wetzlar, Germany) confocal microscope. 

In Results 3, upon transfection with hLMNB1-GFP, OPC cultures were analyzed to 

define primary (LMNB1 overexpression) and secondary (nuclear alterations) 

pathological readouts. About 3,300 cells were inspected (two experiments; three 

technical replicates) and we obtained a transfection efficiency (GFP-positive 

cells) of about 3%. To examine silencing efficiency, we performed two 

independent sets of experiments each with three technical replicates analyzing 

a total of ~2500 cells per round. We performed densitometric analyses of Lamin 
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B1 protein using either anti-Lamin B1 protein immunofluorescent staining or GFP-

tag signal. Images including stacks of the whole cells were acquired with a Leica 

TCS SP8 confocal microscope and analyzed with ImageJ software to obtain 

Lamin B1 protein immunofluorescent signal intensity. 

Adobe Illustrator 6.0 (Adobe Systems, San Jose, CA) was used to assemble the 

final plates. 

 

8. Quantitative RT-PCR  

Total RNA from MACS-sorted OPCs was extracted with the Direct-zol RNA Miniprep 

kit (Zymo Research, Irevine, USA), and reverse transcribed to cDNA with the High-

Capacity cDNA Archive kit (Applied Biosystems, Thermofisher, Waltham, USA). 

Quantitative Real Time RT-PCR was performed as described in (Sacco et al. 2010), 

either with pre-developed Taqman assays (Applied Biosystems, Thermofisher, 

Waltham, USA) or by combining the RealTime Ready Universal Probe Library (UPL, 

Roche Diagnostics, Monza, Italy). Primers used in Results 1 and in Results 2 are 

listed in Supplementary Table 1.  A relative quantification approach was used, 

according to the 2-ddCT method (Livak and Schmittgen 2001).  β-actin was used 

to normalize expression levels. 

  

9. Tissue dissection, lysates and western blotting  

CC and cortices from P7, P15 and P30 WT and JNK1 KO mice (Results 1) were 

obtained by dissection using vibratome. Tissue lysates were obtained adding RIPA 

buffer (1% NP40, 150 mM NaCl, 50 mM TRIS HCl pH 8, 5 mM EDTA, 0.01% SDS, 0.005% 

Sodium deoxycholate, Roche protease inhibitors, PMSF) for 10 minutes at 4°C. 
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Whole-cell lysates from MACSorted OPCs (Results 2) were obtained adding 2% 

SDS for 15 minutes at 95°C. 

Samples were homogenized on ice with a pellet pestle (Sigma-Aldrich, Saint Louis, 

MS, USA) and centrifuged at 1300 rpm at 4°C. For immunoblots, equal amounts of 

proteins were resolved by SDS–PAGE and blotted to nitrocellulose membranes, 

which were then probed with anti-MBP (1:1000, Millipore, Billerica, MS, USA – MW: 

17-18-21 kDa), -CNPase (1:500, Sigma-Aldrich, Saint Louis, MS, USA – MW: 47 kDa), 

-MOG (1:1000, Proteintech, Manchester, UK – MW: 25 kDa) and -SMI31 (1:1000, 

SMI-31R Sternberger – MW: 160-200 kDa) antibodies, in Results 1; anti-Citron 

(1:1000, Transduction Laboratories, BD Biosciences, San Jose, CA, USA – MW 

(Kinase): 225kDa), -NRF2 (1:500, Cell Signaling – MW: 120 KDa), -γH2AX (1:1000, 

Cell Signaling – MW: 15 KDa), -p21 (1:1000, Santa Cruz – MW: 21 KDa) antibodies, 

in Results 2.  The membranes were subsequently incubated with the secondary 

antibodies and developed using the Luminata Forte HRP substrate (Millipore, 

Billerica, MS, USA). Signals are normalized using anti-β-Tubulin (1:5000, Sigma-

Aldrich, Saint Louis, MS, USA – MW: 50kDa), -Vinculin (1:1000, Sigma-Aldrich, Saint 

Louis, MS, USA - MW: 116 kDa), antibodies (Results 1) or glyceraldehyde 3-

phosphate dehydrogenase (GAPDH, 1:1000, Abcam – MW: 37 kDa) and Total 

Lane (Results 2). Blots were imaged on a ChemiDocTM (Bio-Rad) and analyzed 

using Image Lab software. 

 

10. Statistical analyses  

In all quantifications, at least three animals and three sections per animal were 

analyzed for each time point and experimental condition. Western blotting 
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analyses in Results 1 were performed with three animals for each time point and 

experimental condition, with at least three technical replicates; in Results 2 were 

performed with four independent MACS-sorting experiments, with at least three 

technical replicates. For in vitro experiments, two (in Results 3) or three (in Results 

1 and 2) experiments were performed, each with at least two technical replicates 

per condition. Statistical analyses were carried out with GraphPad Prism 7 

(GraphPad software, Inc). The Shapiro-Wilk test was first applied to test for a 

normal distribution of the data. When normally distributed, unpaired Student’s t 

test (to compare two groups) and Two-way ANOVA test (for multiple group 

comparisons) followed by Sidak’s/Bonferroni post hoc analysis were used. In 

Results 3 all data were analyzed using two-tailed Mann-Whitney t-test and, for 

immunofluorescence experiments, statistical analyses were performed using the 

mean values for each analyzed field as samples. Values are calculated relative 

to scramble siRNA/shRNA using average of at least two independent 

experiments. In Results 1 and Results 2 statistics also included Chi-square test (to 

compare frequencies) and linear regression analysis (to analyze in vitro OPC 

proliferation and apoptosis in relation to cell density). To assess differences in cell 

vulnerability to H2O2 and cisplatin (Results 2) and determine their IC50 and 

confidence intervals, non-linear regression log[H2O2/cisplatin]/response inhibition 

curves were built and analyzed with GraphPad Prism 7. In all instances, P<0.05 

was considered as statistically significant. Histograms represent mean ± standard 

error (SE). Statistical differences were indicated with * P<0.05, ** P<0.01, *** 

P<0.001, **** P<0.0001. The list of the applied tests in each case, the number of 

samples and P-values are included in Supplementary Table 2. 



 

 

62 

  

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 
 

 

 

 

 

 

 

 

 

  



 

 

63 

1. c-Jun N-terminal Kinase 1 (JNK1) modulates oligodendrocyte 

progenitor cell architecture, proliferation and myelination  

Lorenzati M., Boda E., Parolisi R., Borsello T., Herdegen T., Buffo A. and Vercelli A.– in 

revision 

 

Introductory remarks 

A variety of signals regulating OPCs/OLs development (see Introduction) 

converge on the ERK/MAPK pathway (Suo et al. 2019; Gaesser and Fyffe-Maricich 

2016), although the identity and the specific role of the signal transduction players 

active in oligodendroglia at distinct functional phases remain poorly understood. 

Among MAPK, the JNKs include three isoforms – JNK1, JNK2 and JNK3. While JNK1 

and JNK2 are expressed ubiquitously, JNK3 expression is restricted to a few 

regions, including the brain (Snaidero et al. 2014). Despite this, in this latter region 

JNK1 seems to have a predominant role, as JNK1 KO mouse brain show 

developmental abnormalities (R. J. Davis 2000) including alterations in neuronal 

specification (Q. Zhang et al. 2016), microtubule integrity (Tararuk et al. 2006; 

Chang et al. 2003), cell migration (Myers et al. 2014), dendritic and spine 

architecture (Björkblom et al. 2005; Komulainen et al. 2020) and developmental 

apoptosis (Kuan et al. 1999). Oligodendroglial cells are known to express all the 

three JNK isoforms (Suminaite, Lyons, and Livesey 2019). JNK3 has been 

consistently reported to modulate OPC/OL sensitivity to apoptosis (Boda and 

Buffo 2014), whereas the roles JNK1 and JNK2 isoforms (P Zhang, Hogan, and Bhat 

1998) have not been investigated so far.  Yet, the multifaceted contribution of 
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JNK1 to neuronal development as reported above suggests that this kinase may 

also exert multiple functions in non-neuronal cells, including oligodendroglia. 

1.1. JNK1 KO mice display myelin abnormalities.  

In order to address the impact of JNK1 ablation on oligodendroglia, we firstly 

examined the expression of the myelin marker MBP in the cerebral cortex. We 

found that JNK1 KO mice display a lower expression of MBP, both in infragranular 

and supragranular layers of the somatosensory cortex (Figure 1A, C and E, F) and 

in the CC (Figure 1B, D). This defect was found at postnatal ages (P7 and P15) 

and persisted at adult stages (P90). Myelin abnormalities, not only restricted to 

MBP expression, were also confirmed by observation of WT and JNK1 KO Gallyas-

stained sagittal sections (Figure 1G).  
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Former studies on JNK1 KO revealed some extent of axonal degeneration at 

postnatal stages (Chang et al. 2003). Thus, we asked whether the observed 

reduction of MBP and myelin reflected axonal regressive events.  

Indeed, the ratio MBP/healthy axons (as detected by labelling of SMI31, a 

phosphorylated epitope of neurofilament H, a major component of the axonal 

cytoskeleton (Figure 2A; Yandamuri and Lane 2016) appeared reduced in JNK1 

KO cortices and CC compared to WT, and axon densities did not display a major 

decrease in mutant mice (Figure 2A-D). These histological results were in line with 

western blotting (WB) analyses (Figure 2E-H, Figure 3A, B), which confirmed a 

reduction in the amount of MBP and of other myelin-associated proteins, such as 

2',3'-Cyclic-Nucleotide 3'-phosphodiesterase (CNPase) and Myelin 

Oligodendrocyte Glycoprotein (MOG). 

On the whole, these results suggest hypomyelination in JNK1-KO mice. Also, 

myelin alterations were not simply attributable to a decrease of mature OLs in 

JNK1KO mice as the densities of CC1+ OLs were overall comparable to those of 

WTs in both cerebral cortex and CC (Figure 3C, D).  

To assess whether changes in myelin levels in mutants were accompanied by 

alterations of the axo-myelinic arrangement, we examined the nodal/paranodal 

region by immunostaining against the paranodal protein CASPR (Arroyo et al. 

2002; Elazar et al. 2019). Quantification of CASPR+ segments in the CC of adult 

brains revealed a significant staining increase in JNK1 KO samples (Figure 1H, I). 

Moreover, analyses of CASPR+ node/paranode length showed a 17% increase in 

CASPR+ segment length in mutants as compared to control mice (Figure 1J).  
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Of note, this latter feature is frequently found in hypo-/dys-myelinating conditions 

(Ruff et al. 2013; Arroyo et al. 2004), corroborating the idea of myelin alterations 

in JNK1 KO mice cortex and CC. 
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1.2. JNK1 KO cortical OPCs display enhanced proliferation early after birth and 

morphological alterations.  

As a second step, we expanded the investigation to OPCs and assessed their 

density, proliferation rate and apoptosis at different survival times (P7, P15 and 

P90). We found a significant increase (about 34%) in the density of PDGFRα+ OPCs 

at P7 and P15 in KO mice compared to WT, both in cerebral cortex and CC (Figure 

4A-C, representative images at P7) with no changes in cell distribution throughout 

the cortical layers (Figure 4D). Since the presence of a higher number of OPCs in 

JNK1 KO cortex could result from either higher cell proliferation or decreased 

apoptosis (or a combination of the two), we counted PDGFRα+ duplets as a 

measure of proliferative OPCs (Boda et al. 2015; Girolamo et al. 2019). At P7, the 

fraction of OPCs in duplets in JNK1 KO cortices was almost 2-fold higher than in 

WT, revealing that mutant OPCs have a higher proliferation rate than WT cells 

(Figure 4E, F). Yet, the normal density (Figure 4B, C) as well as the OPC proliferative 

fraction (Figure 4F) of JNK1 KO OPCs appeared restored at adult stages (P90), 

suggesting a higher susceptibility of young OPCs to JNK1-dependent regulatory 

mechanisms. These results were also confirmed by analyses of NG2+/Ki67+ OPCs 

(Figure 4G). 

Conversely, when we examined NG2+ OPCs expressing activated caspase 3 

(cCASP3) to detect ongoing apoptosis, we did not find any co-expressing OPC 

(not shown). Similar results were also obtained by TUNEL staining (Figure 4H). These 

data point to JNK1 participation in the regulation of OPC proliferation, at least in 

a developmental time window.   
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Based on increased OPC density, we hypothesized that the territory occupied by 

each cell could also be altered in JNK1 KO cortices. This hypothesis was initially 

tested by the analysis of the Voronoi polygons, a tool to analyze the spatial 

distribution of cells (Palanza et al. 2005; Vercelli et al. 2004; Muzzi et al. 2009). 

Voronoi analysis suggested that, during early developmental stages (P7-P15), 

JNK1 KO OPCs occupied a less extended area than WT cells (Figure 5A-D). To 

further corroborate these data and better understand the underlying cellular 

features, we performed morphometric analyses of both OPC somata and 

branches (Figure 5E-G). Analyses at early and adult stages showed that OPC 

soma areas did not differ between WT and KO cells (Figure 5F). However, in 

agreement with the Voronoi results, OPC territory (i.e. the area occupied by the 

entire OPC extension, including cell ramification) was significantly smaller in JNK1 

KO than in WT (Figure 5G). Yet, this decrease was no longer appreciated at adult 

stages (Figure 5G). Nevertheless, at P90, JNK1 KO OPCs displayed, with no 

changes in the number of primary ramifications (Figure 5H), a shorter total length 

of ramifications (Figure 5I) and a lower ratio of the number of branches over 

branch order (Figure 5J). Thus, mutant OPC processes appeared less complex 

and overall less extended compared to the WT ones. 

Taken together, these data indicate that JNK1 may play a role in OPC 

proliferation and in the regulation of OPC branching architecture.  
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1.3. Cultured JNK1 KO OPCs reproduce proliferative and morphological 

alterations found in vivo.  

In order to disentangle whether JNK1 KO OPC alterations in vivo depended on 

other cell types or could be explained cell autonomously, we performed cultures 

of MACS-isolated OPCs derived from P0 WT or JNK1 KO mice and examined cell 

proliferation, apoptosis and morphology.  

At first, we tested the occurrence of possible dysregulated expression of the other 

JNK isoforms, potentially accounting for compensatory mechanisms or functional 

alterations. However, levels of JNK2 and JNK3 expression in isolated JNK1 KO cells, 

as tested by qRT-PCR, were comparable to those of WT cells (Figure 6A-C), thus 

confirming that we were assessing the consequence of JNK1 abrogation. 

In culture MACS-sorted JNK1 KO OPCs showed higher cell densities per field 

(Figure 6D-G) and a 2-fold higher proliferation rate compared to WT cells, as 

revealed by colocalization with the proliferative marker Ki67 (Figure 6D, E). Of 

note, while the proliferative fraction of WT cells decreased with increasing cell 

densities, the proliferative fraction of JNK1 KO OPCs remained constant, 

irrespective of the number of OPCs (Figure 6F, G). As regards apoptosis, we found 

a 3-fold higher fraction of cCASP3+ JNK1 KO OPCs compared to WT cells (WT: 

1.416±0.2904% cCASP3+ OPCs/all OPCs; JNK1 KO: 4.567±1.865% cCASP3+ OPCs/all 

OPCs; not shown in Figures) and an apoptotic rate decreasing with increasing 

densities in both KO and WT cells (WT: y= -0.06773x + 3.861; JNK1 KO: y= -0.07107x 

+ 9.287; not shown in Figures). These data suggest that, although increased in KO 

cells, apoptosis is similarly regulated in both mutant and WT cells, whereas 
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proliferative regulatory mechanisms may be altered as a consequence of JNK1 

loss in mutant OPCs. 

Moreover, morphometric analyses on non-proliferative isolated OPCs showed 

that JNK1 KO OPCs display a reduced ramification complexity compared to WT 

cells (Figure 6H, I-M) in the presence of similar soma area (Figure 6I) and of a 

slightly higher number (about 12%) of primary ramifications (Figure 6J). These 

results reveal that mutant OPCs show alterations independently of the presence 

of other cell types.  
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To confirm these results in a distinct experimental model, we investigated the 

effects of JNK inhibition obtained with the D-JNKI-1 inhibitor (Borsello et al. 2003) 

on rat OPC cultures. D-JNKI-1 is a cell penetrating peptide that prevents, through 

a competitive mechanism, the binding of JNK to both the scaffold protein JNK-

interacting protein-1 (JIP1) and its substrates (Borsello et al. 2003; Waetzig and 

Herdegen 2005; Repici et al. 2007). Of note, D-JNKI-1 does not act exclusively on 

the binding of JNK1, but also on that of JNK2 and JNK3. Analysis of Ki67 expression 

revealed a higher proliferative rate in OPCs treated with D-JNKI-1 compared to 

controls (Figure 7A, B). Moreover, morphometric analyses highlighted branching 

alterations resulting in a reduced ramification complexity (Figure 7C), thus 

resembling those of MACS-sorted JNK1 KO OPCs, as indicated by Sholl analysis 

(Figure 7D).  

Figure 7. D-JNKI-1 treatment of rat OPCs mimics JNK1 KO in vitro. (A) Representative images and (B) 

quantification of proliferative rat NG2+ CTRL vs D-JNKI-1-treated OPCs (red). Ki67+ proliferating cells (white) 

are indicated by white arrows. (C) Representative images and (D) Sholl analysis of CTRL vs D-JNKI-1-

treated OPCs (red). DAPI (blue) counterstains cell nuclei. Asterisks in (D): Two-way ANOVA (main effect of 

genotype). Scale bars: 50μm in (A) and 20μm in (C). Abbreviations: CTRL, control cells; D-JNKI-1, JNK1 

inhibitor-treated cells; NG2, neural/glial antigen 2; Ki67, Ki67 antigen. *, P<0.05; ****, P<0.0001. 
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Altogether these data show that JNK1 KO-related OPC functional and 

morphological abnormalities occur also independently of other cell types 

affected by the mutations, and suggest that JNK1 is implicated in the regulation 

of OPC proliferation and process architecture through a cell autonomous 

mechanism. 

 

1.4. JNK1 KO OLs do not show differentiation defects in vitro.   

In order to study whether JNK1 KO myelin alterations in vivo could be explained 

by an altered ability of JNK1 KO OLs to differentiate, we cultured MACS-isolated 

OPCs derived from P0 WT or JNK1 KO in non-proliferative conditions, and 

examined MBP expression as well as cell morphology.  

JNK1 KO and WT cultured OLs displayed equivalent capability to express MBP 

(Figure 8A, B). Moreover, when we analyzed the frequency of immature vs mature 

MBP+ cells, as distinguished by process complexity and by MBP localization (see 

Methods) we found no differences in JNK1 KO vs WT cells (Figure 8C).  

We also investigated the effects of JNK inhibition obtained with the D-JNKI-1 

inhibitor (Borsello et al. 2003) on cultured rat OLs. Analysis of MBP+ OLs confirmed 

the results obtained for mutant OLs showing that D-JNKI-1 treated cells are able 

to differentiate, branch and form MBP+ lamellae to the same extent of control 

cells (Figure 8D-F).  Taken together these data show that the germinal 

ablation/inhibition of JNK1 does not affect the ability of OPCs to differentiate in 

MBP+ OLs.  
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2. Citron-kinase deletion and DNA damage unveil inherent molecular 

and functional heterogeneity in dorsal and ventral OPCs of the mouse 

forebrain 

from Boda E., Lorenzati M., Parolisi R., Harding B., Pallavicini G.,  

Bonfanti L., Di Cunto F., Buffo A. – in revision 

 

Introductory remarks 

One of the most discussed topics in the oligodendroglial field regards their 

functional heterogeneity. On the one hand OPCs with distinct origins appear 

functionally equivalent, scattered data suggest that developmental 

heterogeneity may influence OPC behavior during aging and their 

susceptibility/response to injury (see Introduction). 

In Boda E.*, Lorenzati M. et al. “Citron-kinase deletion unveils inherent molecular 

and functional heterogeneity in dorsal and ventral OPCs of the mouse forebrain” 

(in revision) we found that Cit-k mutations in humans and Cit-k loss in mice, 

already associated with severe microlissencephaly and microcephaly 

respectively, result in widespread DNA damage, suggesting its contribution to the 

pathogenesis, and oligodendroglial-associated alterations, resulting in a severe 

dysmyelination.  Among oligodendrocytes, we found that over time a well-

defined dorso-ventral gradient of OPC reduction appeared in the Cit-K KO 

forebrain, with the dorsal cortex being the most affected site. The distinct decline 

of dorsal OPCs (dOPCs) and ventral OPCs (vOPCs) in the absence of Cit-K was 

due to an alternative postnatal cell fate (i.e. cell death in dOPCs and cell 
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senescence in vOPCs), caused by a different sensitivity to Cit-k loss primary effect, 

i.e. DNA damage. 

 

2.1. Cit-K KO dOPC and vOPCs undergo distinct cell fates 

Since we noticed that, among oligodendrocytes, a well-defined dorso-ventral 

gradient of OPC reduction appeared in the Cit-K KO forebrain with the dorsal 

cortex being the most affected site (Figure 9A), we wondered why dOPCs and 

vOPCs behave in such different ways. Once assessed that in WT conditions the 

two OPC subpopulations express equal levels of Cit-k (Figure 9B, C), we suspected 

a distinct sensitivity of dOPCs and vOPCs to Cit-K abrogation. We confirmed this 

hypothesis by examining apoptosis through staining for cCASP3 and, notably, the 

fraction of apoptotic OPCs was significantly higher at dorsal sites compared to 

ventral regions (Figure 9D). We found that dOPCs undergo apoptosis as they 

express positivity for cCASP3, while vOPCs show a senescent phenotype 

expressing the senescence-associated β-galactosidase (SA-βGAL) both in 

mutant tissues (Figure 9E) and in MACS-sorted Cit-K KO vOPCs (Figure 9F, G).  

Thus, these data indicate that, upon Cit-K deletion, dOPCs and vOPCs undergo 

alternative postnatal cell fates, i.e. cell death in dOPCs and cell senescence in 

vOPCs. 
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2.2. Cit-K KO dOPCs and vOPCs display DNA damage and reveal a distinct ability 

to cope with oxidative stress  

Since Cit-K was found to exert a conserved function in DNA repair in neuronal 

progenitors (Bianchi et al. 2017) and Cit-K KO brain parenchyma showed a 

widespread γH2AX immunolabeling (Figure 10A), we reasoned that 

accumulation of different levels of DNA damage in dOPCs and vOPCs could 

account for their alternative engagement in either cell death or senescence 

(Childs et al. 2014). To test this hypothesis, we analyzed the expression γH2AX in 

acutely isolated OPCs of P10 WT and Cit-K KO mice. At difference with WT OPCs 

(that did not show any positive γH2AX labeling), about 90% of both Cit-K KO 

dOPCs (i.e. isolated from the dorsal cortex and CC) and vOPCs (i.e. isolated from 

subcortical regions, including septum, striatum, thalamus and hypothalamus) 

exhibited γH2AX foci (Figure 10B). Cit-K KO dOPCs and vOPCs also displayed the 

same number of nuclear γH2AX+ foci (Figure 10C), indicating equivalent levels of 

DNA lesions. This shows that Cit-K KO dOPCs and vOPCs are exposed to the same 

primary damage and do not set up different compensatory DNA repair 

mechanisms.  

The activation of the DNA damage response is known to induce the production 

of reactive oxygen species (ROS) (B. Liu, Chen, and St. Clair 2008; M. A. Kang et 

al. 2012; Srinivas et al. 2019), which we monitored by dihydroethidium (DHE) 

fluorescence (Hall et al. 2012). The observation of higher ROS in isolated Cit-K KO 

dOPCs (Figure 10D, E) triggered the hypothesis that different levels of oxidative 

stress may take part in the selective loss of dOPCs and in the acquisition of 

senescent features in vOPCs. Consistently, both Cit-K KO OPC populations 
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resulted challenged by oxidative stress, as shown by the upregulation of the 

transcript coding for the Nrf2 transcription factor, a master regulator of the 

antioxidant response (Johnson and Johnson 2015) (Figure 10F). However, a panel 

of Nrf2-target genes was upregulated only in Cit-K KO vOPCs (i.e. Sod1, Gpx1, 

Hmox1, Nqo1; Figure 10F), while some of them appeared even paradoxically 

downregulated in Cit-K KO dOPCs (i.e. Sod2, Cat, Gpx3; Figure 10F). 

Defective transcription of these genes in Cit-K KO dOPCs may be the 

consequence of an altered Nrf2 protein expression, localization and/or function. 

Accordingly, despite Nrf2 mRNA was significantly upregulated, Nrf2 protein 

appeared remarkably reduced in Cit-K KO dOPCs compared to ventral cells 

(Figure 10G-I). 

These findings point to a defective anti-oxidant molecular machinery in Cit-K KO 

dOPCs leading to a specific vulnerability of these cells to oxidative stress. In line 

with this view, when exposed to sublethal concentrations of H2O2, isolated Cit-K 

KO dOPCs rapidly underwent cell death, while Cit-K KO vOPCs behaved as WT 

OPCs (Figure 10J; inhibitory concentration 50 (IC50) KO dOPCs=38.96 µM, vOPCs= 

1481 µM, WT dOPCs= 1015 µM, WT vOPCs= 2046 µM).  

Altogether, these data indicate that oxidative stress is a key player in both the 

postnatal depletion of dOPCs and in the acquisition of a senescent phenotype in 

vOPCs of the Cit-K KO forebrain. Such alternative cell fates appear related to a 

differential ability to set up Nrf2-mediated anti-oxidant responses.  
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2.3. WT dorsal and ventral OPCs show equal levels of DNA damage and different 

levels of ROS upon treatment with cisplatin 

At this point we wondered whether the specific vulnerability of mutant dOPCs is 

a feature shared also by WT cells when challenged by specific stressors. The similar 

response of WT OPC populations when treated with H2O2 (Figure 10J) indicated 

that an acute oxidative stress per se may not be able to elicit distinct responses 

in d/vOPCs. Thus, we hypothesized that DNA damage could be the key stressor 

that uncovers distinct vulnerabilities in OPCs. To verify this hypothesis, cells were 

isolated from P8 Emx1Cre-R26RYFP mouse dorsal cortex and ventral forebrain so to 

easily recognize dorsal and ventral populations, cultured for 48h at high density 

and then incubated with titrated concentrations of the alkylating agent cisplatin. 

Two days post-treatment with 100nM cisplatin, the vast majority of both dOPCs 

and vOPCs were γH2AX+, and showed similar levels of DNA damage (Figure 11A, 

B). Importantly, dOPCs showed to be intrinsically more sensitive to cisplatin, with 

a calculated inhibitory concentration 50 (IC50) of 48 nM compared to 173.7 nM 

cisplatin for vOPCs (Figure 11C). Notably, in control conditions, the percentage of 

mitotic cells did not differ in the two cell populations (4.55±1.04% dOPCs; 

5.74±0.51% vOPCs; P=0.22 Student’s t test) indicating that distinct proliferative 

rates are not at the basis of the differential behavior of dOPC and vOPCs upon 

treatment. 

As expected, 100% of dOPCs were YFP+ (Figure 11D), confirming their exclusive 

derivation from Emx1+ progenitors. In contrast, a lower fraction (Figure 11D) of 

vOPCs was YFP+ in control condition. This subset likely corresponded to septal 

OPCs, according to former lineage tracing analyses (Kessaris et al. 2006). Of note, 
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while the percentage of depletion of the whole vOPC population was only 40% 

after 100nM cisplatin, the percentage of depletion of the YFP+ dOPC subset 

reached 80% (Figure 11E), pointing to a higher vulnerability of Emx1+ progenitor-

derived OPCs irrespective of their location.   

Taken together, these findings reveal a differential vulnerability of OPC subsets to 

DNA damage, which depends on a cell developmental diversity and not to the 

final location of the cells. 

 

2.4. WT dorsal OPCs are unable to cope with oxidative stress upon treatment with 

cisplatin 

We then asked whether the different response to DNA damage between dOPCs 

and vOPCs could be due to a differential capability of the two populations to 

cope with oxidative stress, one of the main effects of DNA damage. 4-Nitro Blue 

Tetrazolium Assay (NBT) confirmed that cisplatin-treated dOPCs accumulated 

higher levels of ROS (Figure 11F). We then evaluated the levels of Nrf2 protein 

through WB analyses (Figure 11G). Upon cisplatin treatment, quantifications 

showed a significant reduction (about 50%) of Nrf2 protein in dOPCs compared 

to vOPCs (Figure 11H).  

These data suggested that, from a molecular point of view, dOPCs may be 

unable to set up a proper response against oxidative stress. To verify this 

hypothesis, after a 18 hours treatment with cisplatin, we treated WT dOPCs, with 

the antioxidant agent N-acetylcysteine (NAC) (Figure 11I), resulting in a partial (60 

μM) and a complete (200 μM) rescue of dOPC survival. 
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3. Allele-specific silencing as treatment for gene duplication 

disorders: proof-of-principle in oligodendrocytes overexpressing 

human Lamin B1  

from Giorgio E., Lorenzati M., […] Buffo A., Brusco A. – Brain, 2019 

 

Introductory remarks 

Among demyelinating pathologies, leukodystrophies are one of the groups of 

diseases associated with OL cell death (see Introduction 3). Autosomal Dominant 

adult-onset LeukoDystrophy (ADLD) is characterized by the duplication of LMNB1, 

important for OL chromatin remodeling and involved in oxidative stress (see 

Introduction 2), and is one of the leukodystrophies whose pathogenesis is still 

unknown. Even if it is known that OLs have a major role in this disease, they seem 

to not undergo cell death and are mostly preserved (Quasar S. Padiath 2016). 

As a proof-of-concept study, in Giorgio E., Lorenzati M. et al. (2019) we propose 

ASP-siRNA (a therapeutic strategy for downregulating a single mutant allele with 

minimal suppression of the corresponding wild-type allele) as a preferable choice 

to target LMNB1 duplication in ADLD, a hereditary, progressive and fatal disorder 

affecting myelin in the central nervous system. Once screened using a reporter 

system the most efficient ASP-siRNAs preferentially targeting one of the alleles 

located in the 3’-UTR (i.e. at rs1051644) of the Lamin B1 gene, we identified four 

siRNAs with a high efficacy and allele-specificity, which were tested in ADLD 

patient-derived fibroblasts. Three of the siRNAs were highly selective for the target 

allele and restored both LMNB1 mRNA and protein levels close to control levels. 

Among these tested siRNAs, we chose the most efficient one for the generation 
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of mCHERRY-tagged short-hairpin RNA expression vector, subsequently cloned 

into Recombinant Lentivirus particles. We tested the therapeutic potential of ASP-

siRNA in reprogrammed ADLD neurons, showing a reduction of Lamin B1 protein 

in ADLD neurons and an amelioration of ADLD-specific neuronal phenotypes (e.g. 

nuclear anomalies). Since ADLD is a demyelinating disease, we tested ASP-siRNA 

also in rat oligodendrocytes overexpressing hLMNB1. 

 

3.1. Rat oligodendrocytes overexpressing hLMNB1 represent an appropriate 

cellular model for ADLD.  

Since the three LMNB1 alleles in ADLD patients are equally expressed (Elisa Giorgio 

et al. 2013), targeting the non-duplicated allele of the LMNB1 was expected to 

reduce expression close to wild-type (Figure 12A). As rat OPCs cultures are a well-

known cellular model that can be manipulated in different ways, we chose this 

model to test not only the therapeutic potential of ASP-siRNA, but also to 

corroborate the allele specificity of our strategy. 

Primary rat OPCs were transduced with lentiviral particles (shLMNB1) at a MOI of 

50. Five days later, OPCs were transfected with GFP-tagged human Lamin B1 

expression plasmids containing the “T” allele (matched allele, i.e. the allele target 

of the therapy) or the “C” allele (non-matched allele) of the target SNP (hLMNB1-

T and hLMNB1-C, respectively). When transfected with the GFP-tagged human 

Lamin B1, OPCs (GFP positive, GFP+) consistently showed increased LaminB1 

protein level, as detected with immunostaining, compared to non-transfected 

cells (GFP negative, GFP-, mock) (Figure 12B-D), and presented nuclear 

abnormalities (Figure 12E), one of the most representative features of ADLD, 
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already found in fibroblasts and neurons (not shown). Namely, nuclei of GFP+ 

OPCs showed a unique striped or shrinked pattern suggestive of ongoing nuclear 

fragmentation (Figure 12E). This feature occurred with a frequency of about 5% in 

OPCs overexpressing human Lamin B1 while it was virtually absent in GFP- cells 

(Figure 12E) or in cells transfected with GFP-empty vector (not shown). These data 

corroborated our oligodendrocyte culture as an appropriate ADLD-relevant 

cellular model. 
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3.2. Validation of the therapeutic potential of ASP-siRNA in rat oligodendrocyte 

cultures overexpressing hLMNB1. 

OPCs overexpressing the hLMNB1-T allele and treated with the allele-specific 

shRNA-T4 (shLMNB1; matched siRNA) showed a strong reduction of Lamin B1 

protein level (Figure 13). Interestingly, OPCs overexpressing the hLMNB1-C allele 

(non-matched allele) and treated with the LV-shASP-T4 did not show any 

difference compared to scramble (Figure 13A-C), substantiating the allele-

specificity of our therapeutic molecule. Finally, ADLD-specific nuclear anomalies 

(reported in Figure 12D) appear to be reduced to about one third when the “T” 

allele was silenced while they were essentially maintained in cells overexpressing 

the “C” allele. We obtained comparable results evaluating Lamin B1 levels by 

both immunostaining (Figure 13B) and fluorescence of the GFP reporter encoded 

by the transfected plasmid (Figure 13C). 
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OPC and OL architecture, proliferation, survival and myelination are some of the 

most finely regulated features in oligodendrocytes. If not correctly tuned, 

homeostasis can be perturbed leading to pathology (e.g. dys/hypomyelinating 

diseases).  

In Results 1 we studied the contribution of JNK1, member of the ERK/MAPK 

pathway, to OPC population in physiological conditions, finding its cell 

autonomous role on the regulation of proliferation and branching architecture. 

While loss of JNK1 impacted uniformly on OL population, in Results 2 we found that 

Cit-k loss leads to accumulation in OL lineage uncovering a functional 

heterogeneity between dorsal and ventral OPCs in terms of capability to cope 

with oxidative stress. Finally, in Results 3, we provided a first in vitro proof of 

principle for a therapeutic intervention to counteract LMNB1 overexpression in OL 

and alleviate ADLD pathological readouts. 

 

The ERK/MAPK pathway is known to take part in the regulation of OPC 

architecture, proliferation and oligodendro-/myelino-genesis (Suo et al. 2019; 

Gaesser and Fyffe-Maricich 2016). Among MAPKs, JNK1 contribution to 

oligodendroglial biology has been only marginally investigated so far. In “c-Jun 

N-terminal Kinase 1 (JNK1) modulates oligodendrocyte progenitor cell 

architecture, proliferation and myelination” (Results 1) we found that constitutive 

JNK1 ablation in KO mice is associated with decreased expression of myelin 

proteins and myelin/paranodal abnormalities in the cerebral cortex and CC of 

postnatal and adult mice. Such alterations are accompanied by a transient 

increase in OPC density and proliferative ability and by a persistent reduction in 
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OPC ramifications complexity. These abnormal features are also present in JNK1 

KO OPCs cultures and in WT OPCs cultures treated with D-JNKI-1, indicating that 

cell types distinct from oligodendroglial cells are not implicated in such alterations 

and suggesting a cell autonomous role of JNK1 in OPCs. On the other hand, JNK1 

KO cultured OLs and D-JNKI-1 treated cells did not show differentiation defects 

compared to WT cells, suggesting a major contribution of environmental factors 

in the observed cortical/CC hypomyelination.  

Beyond a direct involvement or lack of function of specific kinases, also specific 

noxious insults can perturb oligodendroglial functions, even giving light to a 

functional heterogeneity within the transcriptionally homogeneous OPC 

population (Marques et al. 2018). In “DNA damage is one of the noxious insults 

uncovering functional heterogeneity in OPCs” (Results 2) we identified DNA 

damage, derived from both Cit-k loss (which causes in humans and mice 

microcephaly and a prominent myelination defect) and cisplatin treatment, as 

the triggering insult that leads dOPCs (i.e. populating the dorsal cortex/CC and 

generated perinatally by Emx1+ progenitors) and vOPCs (i.e. residing in the 

striatum and hypothalamus and generated during the embryonic life) to 

alternative cell fates of cell death or cell senescence, respectively. Such 

phenotypes depended on factors other than the exposure to different 

environmental signals, distinct basal Cit-K expression or dissimilar extent of DNA 

damage cisplatin-induced in the two OPC cohorts. Rather, the cell fate decision 

depended on a cell-intrinsic ability to counteract oxidative stress. In particular, 

our findings suggested that regulation of Nrf2 (one of the major regulators of the 

response to oxidative stress) could be the key to understand d/vOPCs 
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heterogeneity, as these two OPC subsets, in defined injury conditions, show 

different amount of this protein.  

Among cellular structures, lamins are one of the components of nuclear lamina 

that mostly controls chromatin remodeling and regulates protein expression, and 

their duplication (or knockdown) leads to abnormal nuclear morphology, so 

perturbing systems in which they are implicated. Lamin B1, in particular, has been 

demonstrated to indirectly participate in the expression of one of the 

components of myelin sheath, Proteolipid Protein 1 (PLP1) (Bartoletti-Stella et al. 

2015). Notably, PLP1 has been demonstrated to be implicated in ADLD (Heng et 

al. 2013), a dysmyelinating disorder caused by LMNB1 duplication. In “Allele-

specific silencing as treatment for gene duplication disorders: proof-of-principle 

in oligodendrocytes overexpressing human Lamin B1” (Results 3) we found that 

rat oligodendrocytes overexpressing hLMNB1 are a good cellular model for ADLD, 

since they replicate nuclear abnormalities. Moreover, rat OPCs overexpressing 

hLMNB1 treated with our ASP-siRNA revert the nuclear shape to regular nuclei and 

restore LMNB1 expression to normal levels, proving that ASP-RNAi strategy could 

be a suitable and prominent option as a therapeutic strategy for ADLD patients. 

In the following paragraphs we will discuss in more detail the results of the three 

studies presented in this thesis. 
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1. JNK1 is a novel player in the complex regulatory network of OPC 

biology 

 

JNK1 loss causes myelin alterations in vivo but does not impair MBP expression in 

vitro 

In the cerebral cortex of JNK1 mutant mice, we observed a lower expression of 

myelin proteins and longer CASPR+ paranodes, suggesting deficits in myelin 

structure and alterations in myelinating OLs/axon crosstalk. Defective myelin 

deposition and alterations in the paranode length are two recurrent features of 

hypo/dysmyelinating conditions linked to primary oligodendroglia pathology 

(Ruff et al. 2013; Arroyo et al. 2004). However, in vitro experiments indicate that 

JNK1 KO does not impair MBP expression or affect morphological maturation in 

differentiating OLs. Also, we did not observe overt degeneration in JNK1 KO 

axons. Yet, former studies revealed some extent of axonal degeneration in JNK1 

KO mice (Chang et al. 2003) and showed that JNK1 takes part in microtubule 

maintenance and integrity (Tararuk et al. 2006; Chang et al. 2003). Microtubule 

dynamics both in neurons and oligodendrocytes play a fundamental role in 

OLs/neuron crosstalk, whose integrity is crucial for myelin integrity (Lasser, Tiber, 

and Lowery 2018; Baas et al. 2016; Kirkpatrick et al. 2001; Vavlitou et al. 2010).  

On these bases, we cannot exclude that subtler alterations in axons, myelin 

sheath formation and/or OLs/axon crosstalk could account for the 

hypomyelination phenotype in vivo. Further investigations are needed to clarify 

this issue. 
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JNK1 acts cell autonomously as a negative regulator of cell proliferation in OPCs 

and its loss does not perturb physiological regulation of apoptosis  

JNK1 KO OPCs display a higher proliferative rate associated with increased 

density at postnatal developmental stages, with no changes in their distribution 

through cortical layers. This feature suggests that in OPCs JNK1 operates as a 

negative regulator of cell proliferation. According to in vitro experiments JNK1 

appears to act in a cell autonomous fashion. However, it cannot be excluded 

that, in JNK1 KO, OPCs could have been primed to an altered regulation of 

proliferation by environmental signals received at embryonic ages in vivo, so to 

determine their increased division rate also in purified culture conditions.  

Notably, our observations apparently clash with the results of former studies 

showing JNK pathway (although without isoform specifications) as necessary for 

OPC proliferation upon incubation with the conditioned medium of 

neuroblastoma cells (J. X. Zhang et al. 2014). However, on the other hand, JNK1 

specific inhibition was shown to increase endothelial cell division in controlled 

conditions (Potente et al. 2002; Luedemann et al. 2005) or to have no effect in a 

carcinoma cell line (Du et al. 2004). Moreover, in cancer development, JNK1 

seems to play a dual role in promoting/inhibiting cell proliferation (Gkouveris et al. 

2016). Thus, literature data indicate a cell/context dependent role for JNK1 in the 

modulation of proliferative events. 

OPC proliferation is finely tuned by two main mechanisms. One first mechanism 

appears to operate though an intracellular timer driven by the mitogen PDGF, 

that determines when individual OPCs should stop dividing to proceed toward 

differentiation (Bergles and Richardson 2016; Temple and Raff 1986; B Durand and 
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Raff 2000). One other mechanism implies OPC-to-OPC contact-mediated 

inhibition of cell proliferation through, for instance, NT-1 and its receptor DCC 

signalling (Hughes et al. 2013; Birey and Aguirre 2015). Of note, other sources of 

these contact-mediated inhibitors are unclear, although neurons have been 

shown to produce NT-1 (Birey and Aguirre 2015; Petit et al. 2007). Former studies 

have implicated JNK1 activity as a positive regulator of cell cycle progression and 

a mediator of PDGF actions in OPCs (Chew et al. 2010). On the other hand, JNK1 

was also reported to mediate NT-1/DCC signalling in neurons, suggesting that 

similar mechanisms could act also in oligodendroglia and, therefore, that JNK1 

ablation could alter contact-mediated OPC proliferation inhibition (Gaballah, 

Slisz, and Hutter-Lobo 2012). In vitro data appear to support this latter hypothesis, 

as they show that, at difference with WT cells, JNK1 KO OPC proliferative rate is 

maintained high also in conditions of elevated cell density.  

Our data further showed that JNK1 KO OPCs proliferation and density in vivo is 

increased only during developmental stages. Although OPC amplification, self-

maintenance and maturation at adult stage are supposed to recapitulate the 

corresponding developmental processes (Fancy, Chan, et al. 2011), to what 

extent the very same molecular mechanisms subserve these events in the 

postnatal vs adult CNS is unclear. Age-dependent differences in gene expression 

and function occur in OPCs. In particular, early OPCs are more proliferative, 

characterized by a shorter cell cycle and more susceptible to JNK-dependent 

death (Pirianov, Jesurasa, and Mehmet 2006; Wolswijk and Noble 1989; Windrem 

et al. 2004; G. Lin et al. 2009). Whether and how JNK1 is involved in postnatal vs 

adult OPC distinct properties is unknown.  We can also speculate that 
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supernumerary JNK1 KO OPCs may be simply eliminated in parallel with the 

progression of myelination, thereby adjusting the number of OLs to that of the 

axons (and to limiting amounts of trophic factors provided by axons) (B A Barres 

et al. 1993), as normally occurs in WT brains (B. A. Barres et al. 1992a; M C Raff, 

Durand, and Gao 1998).  

JNK1 signalling has also been reported to participate in cell death which could 

impact on proliferation rates and cell densities. JNK pathway was shown to 

promote apoptosis in OPCs/OLs under stress conditions (Kim et al. 2010; L. W. 

Wang et al. 2012; Jurewicz et al. 2006). However, if JNK1 isoform is implicated in 

physiological cell death is unknown. In in vivo analyses we did not find evidence 

of an altered apoptosis rate in JNK1 KO OPCs. Conversely, in MACS-sorted JNK1 

KO OPCs cultures, we found an increased fraction of apoptotic cells. Such a 

fraction, similar to what occurs for WT cells, appeared to decline with increasing 

cell densities, in agreement with an increased production of survival signals at 

sites with high cellularity. These data overall suggest that the mechanisms 

underlying the physiological regulation of apoptosis are maintained in mutant 

cells, and increased apoptosis may simply reflect the increased number of JNK1 

KO OPCs. This may imply that, in OPCs, JNK isoforms other than JNK1 regulate this 

aspect, or can compensate for JNK1 ablation in the physiological regulation of 

apoptosis.  

 

JNK1 acts cell autonomously as a modulator of OPC architecture  

Our analyses also provided evidence of an altered and transient OPC territory 

occupancy. Voronoi polygons and cell territory analyses (Figure 5A-D, G) show 
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that, at least during development, OPC territory in JNK1 KO is significantly 

reduced. Although at adult stages this gross OPC alteration seems to be restored, 

adult JNK1 KO OPCs displayed a reduction in ramification length and branching 

complexity (Figure 5E-J). These defects were also recapitulated in cell culture 

analyses (Figure 6H-M, Figure 7C-D), confirming the cell autonomous role of JNK1. 

These findings may also reflect the persistence of less complex immature 

phenotypes associated with the increased proliferative activity of the mutant 

cells. However, the maintenance of morphological alterations at adult ages, 

when mutant cell proliferation has declined, suggests a possible direct 

involvement of JNK1 in OPC cytoskeletal dynamics, as previously found in neurons 

(Chang et al. 2003; Soomro, Jie, and Fu 2018). In keeping with this possibility, one 

potential JNK1 effector candidate in the regulation of OPC cytoskeleton is the 

microtubule-associated protein 1B (MAP1B), expressed both in neurons and 

oligodendrocytes (Crociara et al. 2013), that regulates microtubule elongation 

and dynamics. MAP1B is activated by kinases including JNK through 

phosphorylation (Kawauchi et al. 2005), and in neurons is known to support axon 

outgrowth. Notably, among the JNK isoforms, JNK1 appears to be particularly 

involved in the process of axonal elongation (Barnat et al. 2010). In 

oligodendroglia, MAP1B is expressed in OPCs progressing toward the 

preoligodendrocyte stages (Crociara et al. 2013; H. Y. Wu et al. 2001; Zhao et al. 

2006) - a transition that involves profound morphological changes - suggesting 

that its deregulated activation in the absence of JNK1 could participate in the 

altered branching of mutant OPCs. Another possible target of JNK1 in the 

regulation of OPC cytoskeleton is mTOR. Both molecules act in parallel or via 
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cross-regulation in many pathological contexts, where JNK seems to positively 

regulate mTOR activity (Fujishita, Aoki, and Taketo 2011).  

 

D-JNKI-1 administration replicates morphological and proliferative features found 

in JNK1 KO OPCs  

Both cell proliferation and branching architecture are also altered in WT OPCs 

treated with D-JNKI-1 (Borsello et al. 2003). This inhibitor is able to block JIP-JNK 

interaction, thus preventing the phosphorylation of c-Jun, the main downstream 

target of all JNK isoforms, and of the other JBD targets (Repici et al. 2007; Bonny 

et al. 2001). Thus, this treatment might have revealed a much broader impact on 

the cells. However, D-JNKI-1 administration well recapitulated the proliferative 

and morphological phenotype of JNK KO OPCs, suggesting that JNK1, among 

the three JNK isoforms, has a predominant role in the regulation of OPC 

proliferation and branching. Moreover, this hypothesis is also supported by qRT-

PCR data of MACS-sorted OPCs (Figure 6A-C), revealing the absence of any 

compensatory upregulation or dysregulated expression the other two JNK 

isoforms.    

 

 

2. DNA damage uncovers functional heterogeneity in OPCs 

 

DNA damage is the triggering insult driving divergent responses of dorsal and 

ventral OPCs  
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Inspection of brain slices indicated that the JNK1 loss impacted the 

oligodendroglial population rather uniformly across the dorsal and ventral 

forebrain.  However, when we inspected brain of Cit-k KO mice, we found a 

prominent heterogeneity within the oligodendroglial lineage and, in particular, 

between dorsally and ventrally derived OPCs, which underwent alternative fates 

of cell death or cell senescence, respectively. 

In Cit-k KO brain we found a widespread γH2AX immunolabeling, indicative of a 

massive DNA damage, which characterized neurons (Bianchi et al. 2017) and 

oligodendrocytes, at both dorsal and ventral sites. Since the primary insult is the 

same in terms of amount of γH2AX+ foci (Figure 10B, C), oxidative damage, 

probably part of the first DNA damage response (B. Liu, Chen, and St. Clair 2008; 

M. A. Kang et al. 2012; Srinivas et al. 2019), appeared to determine the fate of Cit-

K KO dOPCs and vOPCs, as shown by distinct intracellular accumulation of ROS 

(Figure 10D, E).  

However, since acute oxidative stress (through in vitro H2O2 administration, Figure 

10L) was not able per se to elicit distinct responses in WT d/vOPCs, we 

hypothesized that the triggering event that uncovered the functional 

heterogeneity found in Cit-k KO OPC population was neither the Cit-k loss nor an 

acute oxidative insult, but primarily DNA damage. For this reason, we wondered 

whether the specific vulnerability of mutant dOPCs is a feature shared also by WT 

cells when challenged by this specific stressor. In vitro cisplatin treatment clarified 

that, despite the similar proliferative rates in high-density cultures and the similar 

amount of DNA damage, dOPCs appear more vulnerable to this specific noxious 

insult and accumulate higher levels of ROS than vOPCs in the same conditions 
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(Figure 11C, F). Of note, this behavior is irrespective of the final location of the cells 

and depends on the derivation of the progeny (i.e. dOPCs from Emx1+-derived 

progenitors; Figure 11D, E). Consistent with our findings, in irradiated adult and 

juvenile mouse brain OPCs in the dorsal cortex and CC undergo an almost 

complete depletion, while vOPCs persist (Hui Zong, personal communication; 

Irvine and Blakemore 2007). 

 

Nrf2 regulation is the key mechanism underpinning d/vOPCs heterogeneity  

Nrf2 transcription factor results upregulated in both dOPCs and VOPCs (Figure 

10F), suggesting that these cell populations are similarly able to sense increased 

level of ROS. In different types of cancer cells, apoptosis is a response to 

overwhelming oxidative damage, whereas senescence is a consequence of a 

less severe insult (Childs et al. 2014). Thus, vOPC resilience may be attributed to 

their better ability to cope with oxidative stress, whose levels are not sufficient to 

make cells die, but eventually lead them to enter a “dormant” state. 

For this reason, the two alternative cell fates of dOPCs and vOPCs could depend 

on a different ability to set up the response to oxidative stress. In fact, from a 

molecular point of view, low levels of Nrf2 protein expression and of Nrf2-target 

genes were found in dOPCs, while vOPCs showed instead a robust anti-oxidant 

response and accumulated lower amounts of ROS, indicating that both 

populations are able to sense oxidative stress but dOPCs do not unleash an 

appropriate response. 

As in Citk-KO, cisplatin-treated WT dOPCs show lower levels of Nrf2 protein than 

cisplatin-treated WT vOPCs. Moreover, the higher viability of cisplatin-treated WT 
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dOPCs after NAC administration strongly indicates that DNA damaged dOPCs 

are unable to cope with oxidative stress.  

This may be due to an altered balance between Nrf2 protein production and 

degradation, that does not appear related to a general blockade of translation. 

One potential player in the control of Nrf2 protein stability is p53. Former studies in 

tumor cells have revealed a two-faceted p53-dependent regulation of Nrf2 

protein stability: p53 can promote cell survival by increasing Nrf2 protein and Nrf2 

target genes. However, upon sustained activation, p53 suppresses the pro-

survival response by reducing Nrf2 protein (but not Nrf2 mRNA) levels and Nrf2-

target genes (W. Chen et al. 2012; Faraonio et al. 2006). The switch between these 

two p53-depedent mechanisms is proposed to rely on the direct binding of p21 

(which we found upregulated both in Cit-k KO and in WT cisplatin-treated vOPCs, 

not shown), a p53 target gene, to Nrf2, which eventually stabilizes Nrf2 and 

promotes its activation (W. Chen et al. 2009). Nevertheless, p53-independent 

mechanisms might proceed in parallel and impact on Nrf2 protein expression. 

These may include a diverse expression of epigenetic regulators such as micro-

RNAs or long non coding RNAs (lncRNAs), acting directly on Nrf2 (at post-

transcriptional levels) or on its interactors (Kurinna and Werner 2015; Joo et al. 

2019).  This possibility is particularly intriguing because miRNAs and lncRNAs can 

be part of a divergent epigenetic memory (Morris 2009; Hanly, Esteller, and 

Berdasco 2018) that dOPCs and vOPCs could inherit from their respective 

ventricular progenitors (see below). 
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A distinct epigenetic memory could reflect the differential regulation of Nrf2 in 

d/vOPCs  

Our findings indicate that both OPC subsets are able to sense increased levels of 

intracellular ROS (after DNA damage caused by Cit-k loss or cisplatin treatment), 

but dOPCs are unable to set up a response, at least sufficient to avoid apoptosis, 

to oxidative stress. Interestingly, attenuated anti-oxidant defenses (i.e. 

downregulation of Sod and Cat) contribute to cortical OPC apoptosis also in a 

mouse model of Nijmegen Breakage Syndrome, a genetic disorder characterized 

by elevated sensitivity to irradiation and microcephaly, caused by the loss-of-

function of NBS (Nbn in mouse), another player in genomic stability (Frappart et 

al. 2005; Enciso-Rodríguez et al. 2013), similar to Cit-K (Bianchi et al. 2017). 

Although vOPC phenotype was not investigated in Nbn-KO models, these data 

further point to the suppression of cytoprotective anti-oxidant responses as a 

critical event underlying dOPCs susceptibility to DNA damage. Moreover, dOPCs 

have been observed to be preferentially affected by perinatal hypoxia-ischemia 

(Dizon, Szele, and Kessler 2010), aging (Crawford et al. 2016) and vanadium 

toxicity (Todorich et al. 2011; Soazo and Garcia 2007). Of note, DNA damage is a 

consistent feature of all these conditions (Maynard et al. 2015; Bristow and Hill 

2008; Todorich et al. 2011). 

We reasoned that the origin of this divergence, present also other diseases and 

syndromes characterized with DNA damage, may be due to an altered balance 

between Nrf2 protein production and degradation. As also discussed in (Marques 

et al. 2018), OPC subpopulations, that appear transcriptionally equivalent, may 

be endowed with different epigenetic settings whose effects on gene expression 
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may become detectable only under specific conditions, e.g. upon DNA damage 

or cell stress. In line with this idea, in the mouse forebrain dOPCs and vOPCs 

display a differential propensity to transgress towards other lineages during the 

prenatal development or upon genetic manipulations (Zhu et al. 2011; Zuo et al. 

2018; Boda, Nato, and Buffo 2017; Pereira et al. 2017). Such differential fate 

potential has been proposed to arise from the inheritance of a distinct epigenetic 

memory from early progenitors (Boshans et al. 2019). Whether epigenetic 

heterogeneity or p53–dependent/independent mechanisms (see above) are 

upstream to the observed OPC developmental diversity remains to be clarified.  

 

3. Oligodendrocytes overexpressing human Lamin B1 display 

pathological features which are reverted by ASP-silencing treatment 

 

OPCs overexpressing hLMNB1 replicate ADLD morphological abnormalities, 

which are restored after ASP-siRNA treatment 

The organization of chromatin influences chromosome function and epigenetic 

gene regulation (Margueron and Reinberg 2010). Lamins and, among them, 

Lamin B1 are essential building blocks of the nuclear lamina, mechanically 

enforce the nuclear morphology (de Leeuw, Gruenbaum, and Medalia 2018) 

and, beyond their structural role, are responsible of the conservation and 

organization of chromatin (Camps, Erdos, and Ried 2015; S. T. Lin and Fu 2009; 

Brunet et al. 2019; Dechat, Gesson, and Foisner 2010; Buchwalter, Kaneshiro, and 

Hetzer 2019). 
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LMNB1 gene duplication, and its consequent overexpression, represents the 

primary cause of ADLD. Non-affected patients have two LMNB1 alleles, while 

ADLD patients have three, equally expressed, LMNB1 alleles. To discriminate the 

three LMNB1 alleles in ADLD patients, we have exploited the SNP rs1051644, 

located in the 3’-UTR of the gene.  Among the ten ADLD patients analyzed (not 

shown), eight carried one allele (non-duplicated allele) different from the other 

two (duplicated allele) (possible genotypes: C-C-T or T-T-C). 

A fine modulation of Lamin B1 expression, and not just an uncontrolled 

downregulation, is required for an effective ADLD therapeutic approach. Indeed, 

an excessive Lamin B1 gene knockdown may have deleterious effects, as shown 

in cellular and mouse models (see Introduction 2 and Introduction 3; J. Liu et al. 

2000; Harborth et al. 2001; Vergnes et al. 2004; Coffinier et al. 2010; Bartoletti-Stella 

et al. 2015; Giacomini et al. 2016; Ji et al. 2007). 

We thus reasoned that Allele-SPecific silencing by interfering RNA (ASP-RNAi) was 

the best choice, given that it can specifically inhibit the expression of one of the 

three LMNB1 alleles in a LMNB1-duplicated patient, avoiding a potentially 

excessive and harmful LMNB1 knockdown. In particular, in order to restore 

physiological LMNB1 levels, we chose to target the non- duplicated allele, 

maintaining transcriptionally active only two copies of the gene, as in normal 

subjects. 

To demonstrate ASP-silencing efficacy in cell types more relevant to ADLD, we 

used two cellular models: 1) neurons directly reprogrammed from human 

fibroblasts (not shown here, but available in the full publication); 2) rat OPCs 

overexpressing the human LMNB1. As regarding OPCs, transfected OPCs present 
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increased Lamin B1 levels compared to control cells and show ADLD-specific 

cellular phenotypes, supporting their relevance as an in vitro preclinical tool. The 

treatment with LV-ASP-T4 shRNA reduces Lamin B1 protein and ameliorates ADLD-

specific cellular abnormalities, validating the therapeutic potential of our RNA 

molecule (Figure 12A-C). Furthermore, rat OPCs overexpressing human Lamin B1 

allowed us to further assess the allele-specificity of our strategy. Indeed, the LV-

ASP-T4 shRNA effectively silences only cells overexpressing the human LMNB1 

allele carrying the “T” allele of the targeted rs1051644 SNP (matched allele). 

 

ASP-silencing represents a suitable therapeutic option for ADLD  

To fully evaluate the efficacy and selectivity (allele specificity) of the identified 

siRNAs, our ASP-silencing strategy requires a fully humanized mouse carrying three 

human LMNB1 alleles, recapitulating ADLD phenotypes and heterozygous for the 

SNP targeted by ASP-sirRNAs. Since both the two mouse models currently 

available (Lmnb1BAC and PLP-LMNB1Tg) (Heng et al. 2013; Rolyan et al. 2015) are 

not suitable for this experiment, we are working to generate a chimeric mouse 

model in which oligodendroglial cells and myelin will be patient-derived, by 

performing multifocal neonatal engraftment in immunocompromised 

dysmyelinated mice (shiverer mice) with OPCs derived from patients’ hiPSCs, as 

described by (S. Wang et al. 2013; Osipovitch et al. 2019).  
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Final remarks 

In this thesis I presented three independent studies that, from different points of 

view, address mechanisms involved in the regulation of OPC homeostasis in 

physiological and pathological conditions. I pinpointed the role of JNK1 in OPC 

proliferation and branching, uncovered a functional heterogeneity between 

dorsal and ventral OPCs in coping with oxidative stress in defined injury conditions 

and proposed an in vitro proof of concept for a suitable therapeutic intervention 

for ADLD. Although the target mechanisms examined in these studies are distinct, 

there may be pathway interconnections, which I will attempt to delineate and try 

to discuss in this last section.   

 

We found that JNK1 participates in a cell-autonomous manner in the regulation 

of OPC proliferation and branch architecture rather uniformly across ventral and 

dorsal forebrain.  

While in oligodendroglia JNK involvement in oxidative stress has been only 

demonstrated in relation to OL death (Canedo-Antelo et al. 2018; Kim et al. 2010), 

in other cell types JNK1, and in general the JNK pathway, is known to be involved 

in the oxidative stress response, both positively and negatively. In particular, JNK1 

is associated with the post translational regulation of NRF2, one of the most 

studied targets in drug discovery (Cuadrado et al. 2019; 2018), leading to its 

nuclear translocation (after a positive stimulus; Keum et al. 2003) or to its 

degradation (after a genotoxic stimulus; Cores et al. 2020). If JNK exerts its dual 

influence on NRF2 also in oligodendrocytes and how is still unknown, however, we 

might expect a decrease in NRF2-mediated antioxidant defenses in JNK1 KO 
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oligodendroglia, leading to OL alterations and, possibly, degeneration in 

pathological conditions. This hypothesis is consistent with data showing that JNK 

pathway coordinates the induction of protective genes in response to oxidative 

challenge in aging (in a model of Drosophila; M. C. Wang, Bohmann, and Jasper 

2003) and that JNK1, specifically, is able to increase in Hela cells the Antioxidant 

Responsive Element (ARE) expression, known target of NRF2 (Keum et al. 2003). 

Nevertheless, sustained activation of JNK pathway has a role in promoting 

neuroinflammation, neurodegeneration, and memory dysfunction (M. S. Khan et 

al. 2020), and JNK1, specifically, directly promotes, by phosphorylation, the 

degradation of NRF2 in damaged liver cells (Y. Chen et al. 2020). Despite its well-

studied role in oxidative stress response, we did not detect overt alterations 

directly linked to typical oxidative stress manifestations in JNK1 KO OPCs/OLs, nor 

heterogeneities between dorsal and ventral OPC population as we did in Cit-K 

KO OPCs. There are two possibilities behind the uniform behavior of OPCs after 

JNK1 KO: 1) the presence of the two other isoforms (JNK2 and JNK3) could share 

some functions with JNK1 and, even if they seem not to be upregulated in JNK1 

KO OPCs, may play redundant roles in OPCs as in other cell types (Saba-El-Leil, 

Frémin, and Meloche 2016); 2) a genotoxic damage, i.e. DNA damage, leading 

to oxidative stress is necessary to uncover distinct responses in OPC 

subpopulations.   

 

Indeed, DNA damage is the noxious insult that we found to uncover the 

functional heterogeneity between dOPCs and vOPCs in Cit-K KO mouse model, 

as confirmed by the treatment of the alkylating agent cisplatin. In this case, we 
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observed that the divergent modulation of cell antioxidant defenses acts in 

parallel to the modulation of the cytoprotective mechanisms dependent on 

NRF2. Based on the fact that dorsally and ventrally derived OPCs show a similar 

expression of Nrf2 mRNA but different levels of NRF2 protein, a different post-

translational regulation of NRF2 could be one of the mechanisms involved in the 

distinct anti-oxidant responses of the two OPC subpopulations. In this scenario, 

JNK1 involvement needs to be clarified. One may expect that in Cit-K KO 

model/cisplatin treated OPCs, JNK1, since its dual function in the regulation of 

NRF2, could be one of the molecules that drive the differential anti-oxidant 

responses in the two OPC populations in cell-dependent conditions: by 

promoting, on the one hand, in vOPCs NRF2 stabilization and nuclear 

translocation, and in dOPCs, on the other hand, its degradation. Moreover, since 

NRF2 regulation is highly dynamic, we will have to consider the involvement also 

of other molecules, such as p21 (Jaramillo and Zhang 2013; D. D. Zhang 2006). 

 

On the contrary to JNK, Lamin B1 involvement in the regulation of the expression 

and/or the post-translational regulation of NRF2 is still unknown. However, its role 

in oxidative stress regulation has been shown through the binding of the octamer 

transcription factor 1 (Oct-1) (Malhas, Lee, and Vaux 2009). Oct-1 is an ubiquitous 

transcription factor characterized by activating and silencing activities and by 

the regulation of genes essential for the cellular response to stress. On the other 

hand, recent reports have linked Lamin b1 to oxidative stress pathways 

suggesting that elevated ROS lead to Lamin B1 accumulation in primary 

fibroblasts (Barascu et al. 2012). As elevated ROS levels are associated with the 
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aging brain, it is also possible that Lamin b1 accumulation in ADLD patients is 

accelerated by age dependent ROS to critical levels that disrupt 

oligodendrocyte function, thus providing an explanation to the age 

dependence of the disease (Barascu et al. 2012; S. T. Lin and Fu 2009). However, 

if and through which pathways these mechanisms act in OLs is still unknown, thus 

further studies are needed to clarify these issues.  
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Conclusions and outlooks 

Uncovering the molecular basis of OPC physiology and diversity is a turning point 

for the understanding of their behavior in pathology and represents one of the 

major challenges in the neuroglia field. Here we unveiled JNK1 as a novel player 

in the complex regulation of OPC biology (Lorenzati et al., in revision) and a novel 

functional heterogeneity in OPC population after specific stressors (Boda E., 

Lorenzati M. et al., in revision). Future studies are required in order to analyze 1) 

from a molecular point of view the role of JNK1 in the regulation on OPC/OL 

cytoskeleton; 2) the actual ability of JNK1 KO OLs to form compacted myelin 

sheaths; 3) JNK1 involvement in oxidative stress regulation as a mediator of NRF2 

post-translational modifications, both in JNK1 KO and in Cit-K KO/cisplatin-treated 

OPCs; 4) the epigenetic profile of d/vOPCs in relation to their specific 

damage/stress. Regarding LaminB1, our efforts will be devoted to disentangle the 

pathogenetic mechanisms that lead to the disease. We will take advantage of 

the differentiation of patient-derived hiPSCs into oligodendrocytes in order to 

investigate 1) their morphophenotipic profile (e.g. aberrant nuclei, alterations in 

the number and the extension of processes and production of lamellae) and 2) 

their molecular profile (e.g. genes involved in the regulation of PLP1, in the lipid 

synthesis and in chromatin organization).   Moreover, we will 1) validate ASP-

siRNAs by assessing the capability to reduce LMNB1 mRNA and protein levels 

close to wild-type and to rescue known overexpression-dependent cellular 

phenotypes, and 2) we will study the role of the ADLD glia in vivo by the 

generation of a chimeric mouse model through multifocal neonatal engraftment 

with ADLD or control hiPSC-derived oligodendrocyte progenitor cells in 
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immunocompromised hypomyelinated mice (shiverer mice; S. Wang et al. 2013; 

Windrem et al. 2004; 2008; 2014).  
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Supplementary table 1.  

Gene 
Taqman assay 

(Applied Biosystems) 

Primers+UPL probe 

(Roche Diagnostics) 

 Results 1  
β-actin (β-Act) Mm00607939_s1  

c-Jun N-terminal Kinase 1 (JNK1)  

FW: aactgttccccgatgtgct 

RV: 

acaaatctcttgcctgactgg 

Probe #33 

c-Jun N-terminal Kinase 1 (JNK2)  

FW: 

tgactccctatgtggtaactcg 

RV: 

cacccgacagaccagatgt 

Probe #50 

c-Jun N-terminal Kinase 1 (JNK3)  

FW: tacgacccggctgaagtg 

RV: cattcttcgatggtgtgctc 

Probe #42 

 Results 2  
β-actin (β-Act) Mm00607939_s1  

Catalase (Cat)  

FW: 

ccttcaagttggttaatgcaga 

RV: caagtttttgatgccctggt 

Probe #34 

Glutathione peroxidase 1 (Gpx1)  

FW: tttcccgtgcaatcagttc 

RV: 

tcggacgtacttgagggaat 

Probe #2 

Glutathione peroxidase 3 (Gpx3)  

FW: 

gtgaacggggagaaagagc 

RV: tgagcccaggagttctgc 

Probe #51 

Heme oxygenase 1 (Hmox1)  

FW: aggctaagaccgccttcct 

RV: tgtgttcctctgtcagcatca 

Probe #17 

NAD(P)H Quinone 

Dehydrogenase 1(Nqo1) 
 

FW: agcgttcggtattacgatcc 

RV: 

agtacaatcagggctcttctcg 

Probe #50 

Nuclear factor (erythroid-

derived 2)-like 2 (Nrf2) 
 

FW: catgatggacttggagttgc 

RV: 

cctccaaaggatgtcaatcaa 

Probe #3 

Superoxide dismutase 1 (Sod1)  

FW: 

caggacctcattttaatcctcac 

RV: tgcccaggtctccaacat 

Probe #49 

Superoxide dismutase 2 (Sod2)  

FW: 

tgctctaatcaggacccattg 

RV: 

gtagtaagcgtgctcccacac 

Probe #3 
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Supplementary table 2.  

Figure 
Applied 

Test 
n P value 

Post hoc 

analyses 
Post hoc results 

Results 1 

Fig. 1C 

 

Two-way 

Anova (2-

tailed) 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

 

Genotype 

P<0.0001 

Age 

P<0.0001 

Interaction 

n.s. 

 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs 

JNK1 KO P7 = P<0.05 

WT P15 vs JNK1 KO P15 =  

P<0.001 

WT P90 vs JNK1 KO P90 =  

P<0.01 

 

Fig. 1D 

 

Two-way 

Anova (2-

tailed) 

 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

 

Genotype 

P<0.0001 

Age 

P<0.0001 

Interaction 

n.s. 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs JNK1 KO P7 = 

P<0.05 

WT P15 vs 

JNK1 KO P15 = P<0.01 

WT P90 vs JNK1 KO P90 = 

P<0.05 

 

Fig. 1E 

Two-way 

Anova (2-

tailed) 

 

WT P15 

suoragranular 

=3 

JNK1 KO P15 

supragranular 

P15 =3 

WT P15 

infragranular =3 

JNK1 KO P15 

infragranular 

P15 =3 

 

 

Genotype 

P<0.0001 

Layers 

P<0.01 

Interaction 

n.s. 

 

Sidak’s Multiple 

Comparison Test 

WT P15 infragranular  vs 

JNK1 KO P15 infragranular = 

P<0.05 

WT P15 supragranular  vs 

JNK1 KO P15 supragranular 

= P<0.05 

Fig. 1F 

 

Two-way 

Anova (2-

tailed) 

 

WT P90 

suoragranular 

=3 

JNK1 KO P90 

supragranular 

P15 =3 

WT P90 

infragranular =3 

JNK1 KO P90 

infragranular 

P15 =3 

 

 

Genotype 

P<0.001 

Layers 

P<0.0001 

Interaction 

n.s. 

 

 

Sidak’s Multiple 

Comparison Test 

 

WT P90 infragranular  vs 

JNK1 KO P90 infragranular = 

P<0.05 

WT P90 supragranular  vs 

JNK1 KO P90 supragranular 

= P<0.001 

 

Fig. 1I 

Unpaired t 

test 

(2-tailed) 

 

WT P90 =3 

JNK1 KO P90 =3 

 

 

P=0.0056 

 

  

Fig. 1J 

Unpaired t 

test 

(2-tailed) 

 

WT P90 =3 

JNK1 KO P90 =3 

 

 

P=0.0329 

 

  

Fig. 2B  

 

Two-way 

Anova (2-

tailed) 

 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

 

Genotype 

P<0.0001 

Age 

P<0.0001 

Interaction 

. P<0.05 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs JNK1 KO P7 = 

P<0.05 

WT P15 vs 

JNK1 KO P15 = P<0.0001 

WT P90 vs JNK1 KO P90 = 

P<0.0001 

 

Fig. 2C  

 

Two-way 

Anova (2-

tailed) 

 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

 

Genotype 

n.s. 

Age 

P<0.0001 

Interaction 

 

Sidak’s Multiple 

Comparison Test 

 

n.s. 



 

 

121 

JNK1 KO P90=3 n.s. 

Fig. 2D  

 

Two-way 

Anova (2-

tailed) 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

 

Genotype 

P<0.0001 

Age 

P<0.001 

Interaction 

n.s. 

 

 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs JNK1 KO P7 = 

P<0.001 

WT P15 vs 

JNK1 KO P15 = P<0.0001 

WT P90 vs JNK1 KO P90 = 

P<0.001 

 

Fig. 2F 

Unpaired t 

test 

(2-tailed) 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P30 =3 

JNK1 KO P30 =3 

 

MBP/SMI31 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.01 

 

  

Fig. 2H 

Unpaired t 

test 

(2-tailed) 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P30 =3 

JNK1 KO P30 =3 

 

MBP/SMI31 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

 

  

Fig. 3A 

Unpaired t 

test 

(2-tailed) 

CTX 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P30 =3 

JNK1 KO P30 =3 

 

 

SMI31 

WT P7 vs JNK1 KO P7 

= n.s. 

WT P15 vs 

JNK1 KO P15 = n.s 

WT P30 vs JNK1 KO 

P30 = n.s. 

MBP 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

MOG 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

CNPase 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SMI31 

WT P7 vs JNK1 KO P7 

= n.s. 

WT P15 vs 

JNK1 KO P15 = n.s. 

WT P30 vs JNK1 KO 

P30 = n.s. 

MBP 
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Fig. 3B 

 

 

 

Unpaired t 

test 

(2-tailed) 

CC 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P30 =3 

JNK1 KO P30 =3 

 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

MOG 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.05 

CNPase 

WT P7 vs JNK1 KO P7 

= P<0.05 

WT P15 vs 

JNK1 KO P15 = 

P<0.05 

WT P30 vs JNK1 KO 

P30 = P<0.01 

 

Fig. 3C 

Two-way 

Anova (2-

tailed) 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

Genotype 

n.s. 

Age 

P<0.0001 

Interaction 

n.s. 

Sidak’s Multiple 

Comparison Test 
n.s. 

Fig. 3D 

Two-way 

Anova (2-

tailed) 

WT P7=3 

JNK1 KO P7=3 

WT P15=3 

JNK1 KO P15=3 

WT P90=3 

JNK1 KO P90=3 

Genotype 

n.s. 

Age 

P<0.0001 

Interaction 

n.s. 

Sidak’s Multiple 

Comparison Test 
n.s. 

Fig. 4B 

 

Two-way 

Anova (2-

tailed) 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P90 =3 

JNK1 KO P90 =3 

Genotype 

P<0.01 

Age 

P<0.0001 

Interaction 

P<0.05 

 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs JNK1 KO P7 = 

P<0.01 

WT P15 vs 

JNK1 KO P15 = P<0.05 

WT P90 vs JNK1 KO P90 = 

n.s. 

 

Fig. 4C 

 

Two-way 

Anova (2-

tailed) 

WT P7 =3 

JNK1 KO P7 =3 

WT P15 =3 

JNK1 KO P15 =3 

WT P90 =3 

JNK1 KO P90 =3 

 

Genotype 

P<0.001 

Age 

P<0.0001 

Interaction 

P<0.01 

Sidak’s Multiple 

Comparison Test 

 

WT P7 vs JNK1 KO P7 = 

P<0.01 

WT P15 vs 

JNK1 KO P15 = P<0.001 

WT P90 vs JNK1 KO P90 = 

n.s. 

 

Fig. 4D 

 

Two-way 

Anova (2-

tailed) 

 

 

WT P7 

infragranular =3 

JNK1 KO P7 

infragranular =3 

WT P15 

infragranular =3 

JNK1 KO P15 

infragranular =3 

WT P7 

supragranular 

=3 

JNK1 KO P7 

supragranular 

=3 

WT P15 

supragranular 

=3 

Genotype 

P<0.001 

Age 

P<0.0001 

Interaction 

n.s. 

Sidak’s Multiple 

Comparison Test 

 

 

n.s. 
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JNK1 KO P15 

supragranular 

=3 

 

Fig. 4F 

Two-way 

Anova (2-

tailed) 

 

WT P7=3  

JNK1 KO P7=3 

WT P90=3 

JNK1 KO P90=3 

 

 

Genotype 

P<0.01 

Age 

P<0.0001 

Interaction 

P<0.01 

 

Sidak’s Multiple 

Comparison Test 

WT P7 vs JNK1 KO P7 = 

P<0.01 

WT P90 vs JNK1 KO P90 = 

n.s. 

Fig. 4G 

Two-way 

Anova (2-

tailed) 

 

WT P7=3  

JNK1 KO P7=3 

WT P90=3 

JNK1 KO P90=3 

 

 

Genotype 

P<0.05 

Age 

P<0.0001 

Interaction 

P<0.05 

 

Sidak’s Multiple 

Comparison Test 

WT P7 vs JNK1 KO P7 = 

P<0.01 

WT P90 vs JNK1 KO P90 = 

n.s. 

 

Fig. 5B 

 

Unpaired t 

test 

(2-tailed) 

WT P7 =3 

JNK1 KO P7=3 
P=0.0054   

 

Fig. 5C 

 

Unpaired t 

test 

(2-tailed) 

WT P15 =3 

JNK1 KO P15=3 
P=0.0301   

Fig. 5D 

Unpaired t 

test 

(2-tailed) 

WT P90 =3 

JNK1 KO P90=3 

 

n.s. 

 

  

Fig. 5F 

Two-way 

Anova (2-

tailed) 

 

WT P7 =3  

JNK1 KO P7=3 

WT P90=3 

JNK1 KO P90=3 

 

 

Genotype 

n.s. 

Age 

n.s 

Interaction 

n.s 

 

Sidak’s Multiple 

Comparison Test 
n.s 

Fig. 5G 

Two-way 

Anova (2-

tailed) 

 

WT P7 =3  

JNK1 KO P7=3 

WT P90=3 

JNK1 KO P90=3 

 

 

Genotype 

P<0.01 

Age 

P<0.0001 

Interaction 

n.s 

 

Sidak’s Multiple 

Comparison Test 

WT P7 vs JNK1 KO P7 = 

P<0.05 

 

WT P90 vs 

JNK1 KO P90 = n.s. 

Fig. 5H 

Unpaired t 

test 

(2-tailed) 

 

WT P90 =3 

JNK1 KO P90=3 

 

n.s.   

Fig. 5I 

Unpaired t 

test 

(2-tailed) 

WT P90 =3 

JNK1 KO P90=3 
P=0.0225   

Fig. 5J 

Two-way 

Anova (2-

tailed) 

 

WT P90 =3 

(orders=1-11) 

JNK1 KO P90=3 

(orders=1-6) 

 

 

Genotype 

P=0.0045 

Order 

P<0.0001 

Interaction 

n.s 

 

Sidak’s Multiple 

Comparison Test 
n.s 

Fig. 6A 

Unpaired t 

test 

(2-tailed) 

WT =4  

JNK1 KO =4 
P<0.0001   

Fig. 6B 

Unpaired t 

test 

(2-tailed) 

WT =4  

JNK1 KO =4 
n.s.   

Fig. 6C 

Unpaired t 

test 

(2-tailed) 

WT =4  

JNK1 KO =4 
n.s.   

Fig. 6E 
Chi square 

test 

 

WT =3  
P<0.0001   
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JNK1 KO =3 

WT: 2166 cells 

JNK1 KO: 3889 

cells 

 

Fig. 6F 
Linear 

regression 

 

WT =3  

JNK1 KO =3 

 

 

WT OPCs: 

R2=0.1455 

Sy,x=11.51 

Slope 95% 

confidence 

interval= 

-0.1440 to -0.007284 

WT slope ≠ 0 

P=0.0312 

 

 

JNK1 KO OPCs: 

R2=0.1007 

Sy,x=8.018 

Slope 95% 

confidence 

interval= 

-0.0006349 to 0.1228 

JNK1 KO slope = 0 

P>0.05 

 

  

Fig. 6I 

Unpaired t 

test 

(2-tailed) 

WT =3 

JNK1 KO =3 
n.s.   

Fig. 6J 

Unpaired t 

test 

(2-tailed) 

WT =3 

JNK1 KO =3 
P<0.05   

Fig. 6K 

Unpaired t 

test 

(2-tailed) 

WT =3 

JNK1 KO =3 
P<0.01   

Fig. 6L 

Two-way 

Anova (2-

tailed) 

 

WT =3 

(orders=1-14) 

JNK1 KO =3 

(orders=1-14) 

 

 

Genotype 

P<0.0001 

Order 

P<0.0001 

Interaction 

P<0.001 

 

Sidak’s Multiple 

Comparison Test 

WT vs JNK1 KO: 

Order 3 = P<0.0001 

Order 4 = P<0.001 

Order 5 = P<0.001 

Fig. 6M 

Two-way 

Anova (2-

tailed) 

 

WT =3 

JNK1 KO =3 

 

 

Genotype 

P<0.0001 

Distance from soma 

P<0.0001 

Interaction 

P<0.0001 

 

Sidak’s Multiple 

Comparison Test 

WT vs JNK1 KO: 

5um = P<0.01 

10um = P<0.0001 

15um = P<0.0001 

20um = P<0.05 

Fig. 7B 
Chi square 

test 

 

WT =3  

JNK1 KO =3 

WT: 4081 cells 

JNK1 KO: 4639 

cells 

 

P<0.0001   

Fig. 7D 

Two-way 

Anova (2-

tailed) 

 

WT =3 

JNK1 KO =3 

 

 

Genotype 

P<0.05 

Distance from soma 

P<0.0001 

Interaction 

P<0.0001 

 

Sidak’s Multiple 

Comparison Test 

WT vs JNK1 KO: 

10um = P<0.0001 

20um = P<0.0001 

30um = P<0.01 

 

Fig. 8B 
Chi square 

test 

 

WT =4  

JNK1 KO =4 

WT: 357 cells 

n.s.   
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JNK1 KO: 405 

cells 

 

Fig. 8C 
Chi square 

test 

WT =3 

JNK1 KO =3 

WT: 282 cells 

JNK1 KO: 324 

cells 

n.s.   

Fig. 8E 
Chi square 

test 

CTRL =3 

D-JNKI-1 =3 

WT: 210 cells 

JNK1 KO: 273 

cells 

n.s.   

Fig. 8F 
Chi square 

test 

CTRL =3 

D-JNKI-1 =3 

WT: 142 cells 

JNK1 KO: 192 

cells 

n.s.   

Results 2 

Fig. 9C 

 

Unpaired t 

test 

(2-tailed) 

 

WT dOPC=4 

WT vOPC=4 
n.s.   

Fig. 9D 
Chi square 

test 

 

P3: CIT KO=4; 

WT=3 

CIT KO: Dors 

ctx= 561 cells; 

CC= 276 cells; 

Str= 361 cells; 

POA= 204 cells 

 

 

P10: CIT KO=4; 

WT=2 

CIT KO: Dors 

ctx= 540 cells; 

CC= 390 cells; 

Str= 392 cells; 

POA= 625 cells 

 

 

P3: P<0.0156 

(KO Dors.ctx vs KO 

CC: n.s.; KO Dors.ctx 

vs KO Str: P=0.0152; KO 

Dors.ctx vs KO POA: 

P=0.0427; KO CC vs 

KO Str: P=0.0137; KO 

CC vs KO 

POA:P=0.0348; KO Str 

vs KO POA: n.s.) 

 

P10: P<0.0001 

(KO Dors.ctx vs KO 

CC: n.s.; KO Dors.ctx 

vs KO Str: n.s.; KO 

Dors.ctx vs KO POA: 

P<0.0038; KO CC vs 

KO Str: P=0.0016; KO 

CC vs KO 

POA:P<0.0001; KO Str 

vs KO POA: n.s.) 

 

  

Fig. 9G 
Chi square 

test 

 

WT dOPCs=3 

(389 cells); 

WT vOPCs=4 

(510 cells); 

CIT KO 

dOPCs=4 (475 

cells); 

CIT KO 

vOPCs=4 

(461 cells) 

 

 

P<0.0001 

WT dOPCs vs WT 

vOPCs: P=0.030; 

WT dOPCs vs KO 

dOPCs: P<0.0001; 

WT vOPCs vs KO 

vOPCs: P<0.0001; 

KO dOPCs vs KO 

vOPCs: P<0.0001 

 

  

Fig. 10C 

Mann 

Whitney U 

test 

 (2-tailed) 

 

dOPCs=3 

(n. cells=91) 

vOPCs=3 

(n. cells=94) 

 

n.s.   

Fig. 10E 

Unpaired t 

test 

(2-tailed) 

 

dOPCs=5  

(n. cells=106) 

vOPCs=5 

(n. cells=105) 

 

P=0.0013   
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Fig. 10F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two-way 

Anova 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT dOPC=5-10 

WT vOPC=4-10 

KO dOPC=4-8 

KO v OPC=4-9 

 

Nrf2 

Genotype: P<0.001 

Region: n.s. 

Genotype  x Region: 

n.s. 

 

Sod1 

Genotype: P<0.001 

Region: P<0.01 

Genotype  x Region: 

P<0.001 

 

Sod2 

Genotype: P<0.01 

Region: n.s. 

Genotype  x Region: 

P<0.01 

 

Gpx1 

Genotype: P<0.01 

Region: P<0.001 

Genotype  x Region: 

P<0.001 

 

Gpx3 

Genotype: P<0.001 

Region: P<0.05 

Genotype  x Region: 

n.s. 

 

Nqo1 

Genotype: P<0.001 

Region: P<0.001 

Genotype  x Region: 

P<0.01 

 

Hmox1 

Genotype: P<0.001 

Region: P<0.001 

Genotype  x Region: 

P<0.001 

 

Cat 

Genotype: P<0.01 

Region: P<0.01 

Genotype  x Region: 

n.s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bonferroni’s Multiple 

Comparison Test 

 

Nrf2 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: 

P<0.001 

WT vOPC vs KO vOPC: 

P<0.05. 

KO dOPC vs KO vOPC: n.s. 

 

Sod1 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: n.s. 

WT vOPC vs KO vOPC: 

P<0.001 

KO dOPC vs KO vOPC: 

P<0.001 

 

Sod2 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: 

P<0.001 

WT vOPC vs KO vOPC: n.s. 

KO dOPC vs KO vOPC: 

P<0.01 

 

Gpx1 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: n.s. 

WT vOPC vs KO vOPC: 

P<0.001 

KO dOPC vs KO vOPC: 

P<0.001 

 

Gpx3 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: 

P<0.001 

WT vOPC vs KO vOPC: n.s. 

KO dOPC vs KO vOPC: 

P<0.05 

 

Nqo1 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: n.s. 

WT vOPC vs KO vOPC: 

P<0.001 

KO dOPC vs KO vOPC: 

P<0.001 

 

Hmox1 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: n.s. 

WT vOPC vs KO vOPC: 

P<0.001 

KO dOPC vs KO vOPC: 

P<0.001 

 

Cat 

WT dOPC vs WT vOPC: n.s. 

WT dOPC vs KO dOPC: 

P>0.01 

WT vOPC vs KO vOPC: n.s. 

KO dOPC vs KO vOPC: 

P>0.01 

 

Fig. 10H 

Unpaired t 

test 

(2-tailed) 

 

WT dOPC=4 

WT vOPC=4 
P=0.0229   

Fig. 10J 
Non-linear 

regression 
 

 

KO dOPCs: 
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dose-

response 

curve 

(Log(inhibit

or) vs. 

response 

curves) 

WT dOPC 

Ctrl=6 

WT vOPC 

Ctrl=6 

WT dOPC 

H2O2 100 

µM=3 

WT vOPC 

H2O2 100 

µM=3 

WT dOPC 

H2O2 500 

µM=5 

WT vOPC 

H2O2 500 

µM=6 

WT dOPC 

H2O2 1 mM=3 

WT vOPC 

H2O2 1 mM=3 

CIT KO dOPC 

Ctrl=6 

CIT KO vOPC 

Ctrl=6 

CIT KO dOPC 

H2O2 100 

µM=7 

CIT KO vOPC 

H2O2 100 

µM=5 

CIT KO dOPC 

H2O2 500 

µM=4 

CIT KO vOPC 

H2O2 500 

µM=4 

CIT KO dOPC 

H2O2 1 mM=3 

CIT KO vOPC 

H2O2 1 mM=3 

 

IC50=38.96 µM, 

R2=0.885, 

Sy.x=0.145, 

95% confidence 

interval= 15.72 to 

96.59; 

 

KO vOPCs:  

IC50= 1481 µM,  

Sy,x=0.159, 

R2=0.859,  

95% confidence 

interval 457.4 to 4796;  

 

WT dOPCs: 

IC50= 1015 µM, 

R2=0.895,  

Sy.x=0.135, 

95% confidence 

interval 450.5 to 2285;  

 

WT vOPCs: 

IC50= 2046 µM, 

R2=0.907, 

Sy.x=0.120, 

 95% confidence 

interval 783.7 to 5344 

Fig. 11B 

Unpaired t 

test 

(2-tailed) 

WT dOPC=3 

WT vOPC=3 
n.s.   

Fig. 11C 

Non-linear 

regression 

dose-

response 

curve 

(Log(inhibit

or) vs. 

response 

curves) 

4 experiments: 

 

dOPC Ctrl= 10 

coverslips 

vOPC Ctrl= 10 

dOPC cispl 20 

nM= 6 

vOPC cispl 20 

nM = 6 

dOPC cispl 100 

nM= 9 

vOPC cispl 100 

nM = 10 

dOPC cispl 200 

nM= 4 

vOPC cispl 200 

nM = 4 

dOPC cispl 1 

µM= 4 

vOPC cispl 1 

µM= 4 

 

dOPCs: 

IC50= 48 nM,  

R2= 0.9404, 

Sy.x=0.104, 

95% confidence 

interval= 31.95 to 

72.12nM 

 

vOPCs: 

IC50=173.7 nM,  

R2= 0.8267, 

Sy.x=0.163, 

95% confidence 

interval= 94.03 to 320.7 

nM 

 

  

Fig. 11E 

 

Two-way 

Anova 

 

OPCs tot=10 

OPCs YFP=7 

 

P<0.001 

 

  

Fig. 11F 
Unpaired t 

test 

 

WT dOPC=5 
P=0.0053   
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(2-tailed) WT vOPC=5 

 

Fig. 11H 

Unpaired t 

test 

(2-tailed) 

WT dOPC=3 

WT vOPC=3 
P=0.0496   

Fig. 11I 

 

One-way 

Anova 

 

 

WT dOPC 

CTRL= 10 

WT dOPCS 

cispl 100nM=9 

WT dOPCS 

cispl 100nM + 

NAC 60uM=6 

WT dOPCS 

cispl 100nM + 

NAC 200uM=3 

 

 

P<0.0001 
Bonferroni’s Multiple 

Comparison Test 

WT dOPC CTRL vs WT dOPC 

cispl: P<0.001 

 

WT dOPC CTRL vs WT dOPC 

cispl+NAC 60uM: P<0.001 

 

WT dOPC CTRL vs WT dOPC 

cispl+NAC 200uM: n.s. 

 

WT dOPC cispl vs WT dOPC 

cispl+NAC 60uM: P<0.01 

 

WT dOPC cispl vs WT dOPC 

cispl+NAC 200uM: P<0.001 

 

WT dOPC cispl+NAC 60uM 

vs WT dOPC cispl+NAC 

200uM: P<0.01 

Results 3 

Fig. 12D 

Mann 

Whitney U 

test 

 (2-tailed) 

 

Two exp/three 

technical 

replicates 

Cells inspected 

= 3300 cells 

 

GFP- vs GFP+ 

P<0.05 

 

  

Fig. 13B 

Mann 

Whitney U 

test 

 (2-tailed) 

 

Two exp/three 

technical 

replicates 

Cells inspected 

= 2500 cells 

 

GFP+ vs shLMNB1-T 

P<0.0001 

GFP+ vs shLMNB1-C 

n.s. 

  

Fig. 13C 

Mann 

Whitney U 

test 

 (2-tailed) 

 

Two exp/three 

technical 

replicates 

Cells inspected 

= 2500 cells 

 

GFP+ vs shLMNB1-T 

P<0.0001 

GFP+ vs shLMNB1-C 

n.s. 
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